


Table 1
QUENCH test matrix.

Test Quench
medium and injection rate

Temp. at onset
of flooding

H2 production
before/during cooldown, g

Remarks, objectives

QUENCH-00
Oct. 9 - 16, 97

Water
80 g/s

�1800 K Commissioning tests

QUENCH-01
Febr 26, 98

Water
52 g/s

�1830 K 36/3 COBE Project;
partial fragmentation of pre-oxidized cladding

QUENCH-02
July 7, 98

Water
47 g/s

�2400 K 20/140 COBE Project; no additional pre-oxidation; quenching from high temperatures

QUENCH-03
January 20, 99

Water
40 g/s

�2350 K 18/120 No additional pre-oxidation, quenching from high temperatures

QUENCH-04
June 30, 99

Steam
50 g/s

�2160 K 10/2 Cool-down behavior of slightly pre-oxidized cladding by cold steam injection

QUENCH-05
March 29, 2000

Steam
48 g/s

�2020 K 25/2 Cool-down behavior of pre-oxidized cladding by cold steam injection

QUENCH-06
Dec 13 2000

Water
42 g/s

�2060 K 32/4 OECD-ISP 45; prediction of H2 source term by different code systems

QUENCH-07
July 25, 2001

Steam
15 g/s

�2100 K 66/120 COLOSS Project; impact of B4C absorber rod failure on H2, Co, CO2, and CH4 generation

QUENCH-09
July 3, 2002

Steam
49 g/s

�2100 K 60/400 As QUENCH-07, steam-starved conditions prior to cooldown

QUENCH-08
July 24, 2003

Steam
15 g/s

�2090 K 46/38 As QUENCH-07, no absorber rod

QUENCH-10
July 21, 2004

Water
50 g/s

�2200 K 48/5 LACOMERA Project;
Air ingress

QUENCH-11
Dec 08, 2005

Water
18 g/s

�2040 K 9/132 LACOMERA Project;
Boil-off

QUENCH-12
Sept 27, 2006

Water
48 g/s

�2100 K 34/24 ISTC Project No. 1648.2; VVER bundle with E110 claddings

QUENCH-13
Nov 7, 2007

Water
52 g/s

�1820 K 42/1 SARNET; impact of AgInCd absorber rod failure on aerosol generation

QUENCH-14
July 2, 2008

Water
41 g/s

�2100 K 34/6 ACM series: M5� cladding

QUENCH-15
May 27, 2009

Water
48 g/s

�2100 K 41/7 ACM series: ZIRLOTM cladding

QUENCH-16
July 27, 2011

Water
53 g/s

�1870 K 144/128 LACOMECO Project;
Air ingress

QUENCH-17
Jan 31, 2013

Water
10 g/s

�1800 K 110/1 SARNET-2;
Debris formation and coolability

QUENCH-18
Sept. 27, 2017

Water
53 g/s

�1950 K 57/238 ALISA Project; air ingress
AgInCd absorber rods





















thermal response at 950 mm is well simulated during the first ca.
2000 s of this phase when oxidation heat remained insignificant.
It should be mentioned that the reduced flow cause the location
of maximum temperature to shift downwards from 950 mm to
750 850 mm.

The temperatures increased more quickly as the oxygen began
to be consumed, and these changes occur more rapidly in the sim
ulations than was observed. A possible reason for the discrepancy
might be that the accelerated oxidation due to the presence of
nitrogen is over represented by the PSI model. However, it is not
possible to make this a definite conclusion since the temperatures
at locations below 950 mm, i.e. those which are now the hottest,
appear to be overestimated in the simulation.

The overestimate of oxygen consumption rate is most marked
when the PSI accelerated kinetics are applied in its standard form
i.e. no reduction to take account of low oxygen concentration).
However, even with the acceleration disabled the oxygen is still
consumed more rapidly than observed. The acceleration is the
result of a nitrogen induced degradation of the oxide layer integ
rity, therefore allowing the oxygen to pass more readily to the
underlying metallic. The degraded state of the oxide would persist
even after nitrogen is no longer present, and therefore impact any
subsequent oxidation.

Retaining the accelerated kinetics but applying the reduction
factor gives better agreement for the time of total consumption.
However, the onset is still earlier than observed while the rate
becomes slower as total consumption is approached. The use of a
reduction for low oxygen concentration seems justifiable in an
air (+argon) environment but may be incorrect if steam is also pre
sent to react with the cladding, whereupon the hydrogen produced
can in turn react with residual oxygen, thus:

Zr + 2H2O ! ZrO2 + 2H2,
2H2 + O2 ! 2H2O.

It would seem that the main reason for the discrepancy in tim
ing and rate of oxygen consumption is an overestimate in the clad
ding temperatures at the hottest location as oxidation begins. We
note that if the above H2/O2 reaction were very rapid then hydro
gen and oxygen would not be observed together. The minor over
lap between oxygen and hydrogen points to oxidation by steam
occurring at some locations across the bundle before oxygen was
fully consumed at others, and to finite rate mixing of the gases.

The observed hydrogen production rate is less (ca. 20%) than the
observed total steam consumption. If measurement uncertainty is
not an issue then absorption and dissolution in the metallic Zirca
loy (not modelled) seems the most likely explanation.

Somewhat fortuitously, the cases in which the reduction factor
is applied gave excellent agreement with data for the total hydro
gen production with both choices of steam oxidation correlation
(CP/UH and Ls/PC). This was not strongly influenced by the faster
PC kinetics compared with UH since the steam was fully consumed
for most of this time. As regards the oxidation state of the bundle at
initiation of reflood these cases are preferred to the standard PSI
model for air oxidation, even if the modelling of oxidation in a
steam/air(oxygen) mixture is questionable.

Finally, the absence of a model for nitriding somewhat under
mines the interpretation of the behaviour during the time of nitro
gen uptake. The nitrogen also impacts the bundle conditions for
reflood in ways that cannot be analysed by the code models. The
observed onset of nitrogen uptake occurred only after all the oxy
gen was consumed but slightly before all the steamwas consumed.
Theoretical considerations strongly suggest that the nitride does
not form unless the oxygen partial pressure is effectively zero at
the metal oxide interface, so that steam would also inhibit the
nitriding, as observed experimentally (Steinbrück and van
Appeldorn, 2018). Like the situation at the onset of oxygen starva
tion, the simultaneous uptake of nitrogen and steam in the offgas
line appears to be due to local starvation.

5.3. Reflood phase

The reflood phenomenology is analysed via the post hoc chosen
base case (3) together with the variants (1, 2, 4, 5, 6, 7, 8) intro
duced in Section 4.

Cases 1 and 2 are rather aside from the reflood modelling since
oxygen is not present. They mostly affect the reflood signatures via
the greater previous oxidation compared with the data and with
the other simulations. Comparison between cases 1 and 2 shows
a lasting impact on the oxide layer due to the nitrogen.

Case 4 is counterpart to 3 except that the Ls/PC correlation is
used instead of CP/UH. These cases differ pre reflood mostly
because of the slower steam oxidation kinetics (case 4) at temper
atures below about 1300 K; during reflood they differ because of
the faster kinetics at temperatures above about 1800 K. Although
PC gives closer agreement for the total oxidation during reflood,
neither case captures the initial temperature increase or the hydro
gen generation, so the relative level of agreement between these
cases cannot be used to justify for a preference for PC over UH. Case
4 comes closest to reproducing the data over the whole experiment
without radically altering the boundary conditions. This case is
regarded as the best estimate and is the one included in the
QUENCH 18 post test benchmark exercise (Hollands, 2018).

Case 5 assumes no oxide layer breach until the cladding tem
perature reaches 2500 K and hence effectively suppresses the
breakout of metallic melt and its exposure to the flowing steam.
The much reduced hydrogen generation points strongly to oxida
tion of exposed metallic melt as a driver for the excursion. How
ever, other processes which are not modelled perhaps also
promoted oxidation during the experiment, such as dissolution of
oxide during oxidant starvation or mechanical damage to the rods
due to contact with reflood water.

Case 6 supposes no effect of the shroud breach on the net injec
tion and argon flow in the bundle. The intact shroud case is clearly
unrealistic, as evidenced by the much more rapid refill and quench
progression. It is included as a sensitivity to demonstrate the
impact of the breach on refill/quench progression and the excur
sion. As regards the other cases, a more faithful representation of
the breach would be to include a pathway through the shroud to
and from the region containing insulating material behind the
shroud. However, the uncertain nature of the breach and the extre
mely complex thermal hydraulic and material interaction makes
this impractical. It is not possible to model the shroud breach pro
cess itself using the present code version.

None of the above simulations come close to the scale of oxida
tion during reflood. In fact despite the large differences in mod
elling, the span of results is much smaller than the
underestimation of oxidation. A serious limitation is the lack of
any treatment for nitriding and its reoxidation. The total hydrogen
contribution is about 40 g based on the release of nitrogen.
Although a significant amount it does not directly account for the
calculation data discrepancy for any of the cases, although the
reoxidation was a source of heat and may also have synergised
with the metallic oxidation. More crucially, the calculations indi
cate that the oxidation was essentially steam limited while most
of the hydrogen was generated, and this is also suggested by the
observed reflood signatures. There would seem to have been a
large steam flow through the bundle during the early period of
reflood, and therefore some mechanism for generating the steam.

Cases 7 and 8 include additional steam flow postulated on the
basis of observed signatures. Such a large steam flow would have



been simultaneously a driver for the oxidation and a coolant. The
contrast between these calculated results suggests that additional
steam during high temperature reflood would not necessarily
enhance the excursion it would depend on other factors which
can be lumped together as the ignitability of bundle. One such factor
is the oxidation kinetics. Case 7 (CP/UHcorrelation) is counterpart of
the base case (3) and shows no additional oxidation instead extra
cooling during timeof steamflow. Case 8 (Ls/PC correlation) is coun
terpart to case 4 and shows a temperature increase and a large
hydrogen release, in remarkably close to the data. These simulations
were performed to help the interpretation of the observed beha
viour. Case 8 cannot properly be regarded as best estimate, since
there is no independent evidence to support themagnitude of addi
tional steam flow. The possibility of debris water interaction that
wasalluded to in Section3 is a credible scenariowhichcould, inprin
ciple, be simulated with sufficiently complete modelling.

The comparison with experiment suggests that there was rapid
steam generation and that the bundle was (due to whatever cause)
sufficiently ignitable for the oxidation heat to dominate over the
cooling. The comparison suggests that the PC kinetics might be
an improvement over UH. Although it works well in these analyses,
it is possible that other limitations of the modelling meant that
some of the drivers for excursion were not captured. It might be
that the fast PC kinetics simply tipped the scales back onto the side
of a bigger excursion. Therefore any conclusion about the relative
merits of PC and UH should be regarded as provisional, pending
more complete modelling of the other processes.

6. Conclusions

A series of simulations of QUENCH 18 was performed to
address modelling issues and to interpret the observed experimen
tal sequence.

The sequence is particularly complicated, comprising sequential
steam preoxidation, oxidation in a steam air mixture with starva
tion of both oxidant species, nitriding, a reflood excursion with
major oxidation of Zircaloy, reoxidation of nitride, and significant
damage to the test section. The sequence necessarily poses a strin
gent test of modelling capability.

The best estimate case gives generally good agreement for the
pre reflood phases, as well as significant reflood oxidation,
although modelling of the reflood remains problematic.

Comparisons between the various sensitivity cases shed helpful
light on some of the key processes and modelling issues during all
phases of the experiment.

The analyses indicate a number of modelling issues further
development and study:

(1) The most notable limitation is the absence of any treatment
for the formation and reoxidation of zirconium nitride. The
lack of a model compromises the simulation of sequences
that include nitriding.

(2) There is no specific modelling of oxidation in a steam air
mixture. The current assumption that steam is an inert spe
cies in the presence of oxygen is probably incorrect.

(3) The analyses tend to support the idea of a reduced oxidation
rate at low oxygen concentration, but this may be incorrect
in a steam air mixture.

(4) There is indication that some of the hydrogen produced by
nitrogen affected oxidation in steam may be taken up into
the underlying Zircaloy. Hydrogen dissolution and hydriding
may have consequences in some situations.

(5) Breakout of metallic melt from the breached oxide layer and
its oxidation is an important driver for an excursion and
needs to be modelled. Oxide breach can currently be treated
parametrically in SCDAPSim.

(6) The analyses tend to support the adoption of the Leistikow
and Prater Courtright correlations as credible alternatives,
to Cathcart Pawel and Urbanic Heidrick (default in SCDAP
sim). However, since the modelling of high temperature oxi
dation, starvation, and nitrogen effects are currently
incomplete, it may be wise to analyse accident sequences
with each correlation.

This assessment of modelling capability should be regarded as
provisional, pending fuller characterisation of the experimental
sequence and the state of the test section, followed continued anal
yses with the current models. However, the lack of a nitriding
model, the sensitivity of reflood simulation to the oxidation kinet
ics and to the criterion for onset of relocation degradation have
implications for use in reactor analyses. Considerable care is there
fore required in addressing modelling uncertainties and in the
interpretation of results. The issues identified above for SCDAPSim
also apply at least to some extent to all the BDBA analysis codes.
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