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Improving the Results of QUENCH-16 Experiment by Using New Models of MELCOR 2.1
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Abstract. The air ingress experiment Quench-16 was analysed with MELCOR 2.1. The code version of MELCOR 2.1 included
oxidation model for air at low and high temperatures. This study explores the influence of oxygen concentration on the
hydrogen generation and temperature escalation. The influence of the oxygen concentration on the kinetics behaviour was
observed from the Separate Effect Test. In Steinbruek’s work [1] there is an evidence for significant effect of composition
and flow rates on oxidation of Zry-4 impact on cladding and the air oxidation kinetics. Oxidation of Zircaloy depends on
the time, temperature, gas composition and cladding alloys. Additionally, the oxidation kinetics in air is much faster than
in steam due to the formation of non-protective oxide (partially nitrided) scales.

The main purposes of QUENCH-16 test were to examine the oxidation of Zircaloy in air following a limited pre-oxidation in
steam and to achieve a long period of oxygen starvation to promote the nitrogen interaction. The low concentration of the
oxygen inQUENCH-16might have resulted in lower rate of oxidation thanwould be expected. The studies were presented on
oxygen consumption, hydrogen generation and temperature escalation during the whole experiment. Series of simulations
using newmodels ofMELCOR forQUENCH-16were performed to examine influence of oxygen concentrations to improve the
results of hydrogen generation during the quench phase. The QUENCH-16 test was conducted successfully at KIT (Karlsruhe
Institute of Technology) on 27 July 2011[2,3].
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1 Introduction

The QUENCH-16 test has been investigated the hydro-
gen generation, behaviour of the fuel assembly in pene-
tration on air and bundle degradation during reflooding
in the early phase of a severe accident. The experiment is
supported by separate-effects tests (SET) and code analy-
ses. The OUENCH program provides experimental and an-
alytical data for the development of quench and quench-
related models and for the validation of SFD code sys-
tems [4,5]. In the presence of air ingress during a reac-
tor fuel severe accident, the fuel rods will be exposed to
air-containing atmospheres at high temperatures. As op-
posed to steam, the air ingress is expected to increase the
damage of the fuel rods. The safety impacts of such air
ingress have been studied for situations such as those in-
vessel following hot-leg failure in a PWR severe accident
with subsequent failure of the lower head of the vessel [6].

The QUENCH-16 test phases can be summarized as fol-
lows:

• 0 s— Pre-oxidation and heat up phases: Initial bun-
dle temperature 871Kwith injection of 3.4 g/s steam
and 3 g/s Argon flow;

• 6301 s — Cooling phase: Reduction of el. power;
• 7307 s —Air ingress phase: Air flow 0.2 g/s and 1 g/s
Argon flow, switch-off steam supply;

• 10350-10650 s—Transition of steam starvation and
partial nitrogen consumption;

• 11341 s — Fast water injection. Stop of Argon and
overheated gas supply;

• 11350 s — Initiation of 53 g/s quench water supply.

2 Description of Quench-16 Facility

The bundle [7] was equipped with 20 heated fuel rod simu-
lators arranged in two concentric rings and one unheated
central fuel rod simulator, each about 2.5m long. The rods
were heated by 1024mm long and 6mmdiameter tungsten
heaters located at the rod centres. Molybdenum and cop-
per electrodes connected the tungsten heaters to the ca-
bles leading to the DC electrical power supply. The tung-
sten heaters were surrounded by annular ZrO2 pellets to
simulate the UO2 fuel.
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Figure 1: QUENCH-16 cross-section 

 Figure 1. QUENCH-16 cross-section.
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Figure 2: QUENCH-16 facility 

 

 

 

Figure 2. QUENCH-16 facility.

The geometry and most other bundle components were
prototypical for Western-type PWRs. The fuel rod sim-
ulators were held in position by five grid spacers, four
were made of Zircaloy-4 and the one at the bottom of In-
conel 718. Four 6 mm diameter corner rods were installed
to mount additional thermocouples. The bundle was sur-
rounded by a Zircaloy-4 shroud to provide encasement,
a 37 mm thick ZrO2 fibre insulation and a double-walled
cooling jacket of Inconel 600/stainless steel within which
a flow of argon wasmaintained to remove excess heat. The
whole set-up was enclosed in a steel containment. The fa-
cility bundle cross-section and the schematic of the facility
are shown in Figures 1 and 2.

3 Quench-16 Facility MELCOR 2.1 Model

MELCOR 2.1 computer code [8] has been used for the anal-
ysis. The model of computer code MELCOR 2.1 has been
developed at INRNE-BAS for analyses of QUENCH-16 test
on the base of the older model [9] and has been improved
[10]. The bundlewas divided in twenty-two axial levels and
four rings. The innermost ring contained the single un-
heated fuel rod simulator, the second ring contained eight
heated rod simulators, and the third ring contained twelve
heated rod simulators and four corner rods. The outer-
most ring contained the shroud. Sixteen hydrodynamic
volumes were used to represent the core. The cooling sys-
tems were represented as a fixed temperature boundary.
Additional volumes were used to represent the lower and
upper plenum, the water-filled sinks at the extremes of
the bundle, and the isolated region between the top of the
bundle outlet plenum and the upper heat sink. The model
is represented as shown in Figure 3.

The MELCOR 2.1 was used for this analysis. This code ver-
sion allows to model oxidation in air and for the Zircaloy-
oxygen reaction is used breakaway model. The notable
feature of the model is a transition from parabolic to lin-
ear kinetics. The metal oxidation is calculated using stan-
dard parabolic kinetics, with appropriate rate constant for
Zircaloy and steel oxidation, limited by gaseous diffusion
considerations.

For the Zircaloy-steam reaction, the oxidation constant is
evaluated using theUrbanic-Heidrich constants, which are
implemented (along with the transition temperatures of
1853 K and 1873 K), as sensitivity coefficients.

4 Analysis of the Results

SET test involving air oxidation of zirconium alloys preox-
idised in steam at high temperature and their reaction in
mixed air-steam atmospheres. With increasing tempera-
ture up to 1300–1400◦C there was a progressively stronger
degrading effect of even lower air concentrations in the
mixture. As could be expected from chemical thermody-
namics, the oxidation in oxygen is favoured in comparison
with the oxidation in steam [8]. Figure 4 shows the oxi-
dation of Zircaloy with different Ar/Air compositions. It is
observed that at low concentrations of oxygen the kinetics
are significantly slower than at higher O2 concentration.

Series of calculations using new models of MELCOR for
QUENCH-16 were performed to examine influence of oxy-
gen consumption to improve the results of hydrogen gen-
eration during the quench phase. During the air phase
the hottest temperature location had changed from the
950 mm to lower elevations due to the early oxygen con-
sumption (Figures 5 and 6). Early oxygen consumptionwas
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Figure 3: Nodalization scheme of QUENCH -16 facility for MELCOR 2.1 model 

 

Figure 3. Nodalization scheme of QUENCH-16 facility for MELCOR 2.1 model.

 
Figure 4: Oxidation of Zry-4 in air-argon mixtures 

 Figure 4. Oxidation of Zry-4 in air-argon mixtures.

  
Figure 5: Temperature inner rod at elevation 950 mm 

 

Figure 5. Temperature inner rod at elevation 950 mm.

 
Figure 6: Temperature inner rod at elevation 350 mm 

 

 

 

 

 

Figure 6. Temperature inner rod at elevation 350 mm.

 
Figure 7: Oxygen consumption 

  Figure 7. Oxygen consumption.
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Figure 8: Nitrogen consumption 

 Figure 8. Nitrogen consumption.
 

Figure 9: Total hydrogen generation 

Figure 9. Total hydrogen generation.

corresponding on increasing in the temperature. All of the
calculations showed an earlier thanmeasured oxygen con-
sumption with MELCOR 2.1 (with or without breakaway
modelled) is presented in Figure 7. Since oxidation kinetics
depends on temperature, onemay conclude that the calcu-
lations began to oxidize earlier at the lower elevations due
to the sharply increase in temperature. In all calculated
cases is not observed the nitrogen consumption during air
phase. While in experiment was noticed partial nitrogen
consumption (Figure 8). In the next Figure 9 is shown total
hydrogen generation. The calculations gave a closer pre-
diction on the timewhen the hydrogen started to be gener-
ated (during the heat-up phase). The hydrogen generation
during reflood was underestimated by all cases.

5 Conclusion

The calculations of temperature progression showed a
good agreement with the experimental data. The mea-
sured hydrogen generation at the end of the reflooding is
higher than the calculated in all cases after a long period
of oxygen starvation

However, one or more of the following process may have
led to a possible mechanism for triggering the strong oxi-
dation excursion during reflood: ZrN formation, reoxida-
tion of the ZrN and nitrogen release during reflood, disso-
lution of the oxide. Concerning impacts on reactor safety,
the presence of air can lead to accelerated oxidation of
Zircaloy is that in steam, owing the faster kinetics.

The study opens questions about dynamics of air oxidation
and nitriding processes, and impact of nitriding on subse-
quent reflooding.
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