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ABSTRACT

The QUENCH experimental
Forschungszentrum Karlsruhe (FZK) investigates phwma
associated with reflood of a degrading core undmstidated
severe accident conditions, but where the geomistrgtill
mainly rod-like and degradation is still at an ggrhase. The
QUENCH test bundle is electrically heated and iaspf 21
fuel rod simulators with a total length of approately 2.5 m.
The cladding and grid spacers are identical toehased in
Pressurized Water Reactors (PWR) whereas the fsel
represented by Zr{pellets.

Experiment QUENCH-14 was successfully performed at

FZK in July 2008 and is the first in this programmkere Zr-

Nb alloy M5® is used as the fuel rod simulator cladding.

QUENCH-14 was otherwise essentially the same asrarpnt

QUENCH-06, which was the subject of the CSNI ISP-45

exercise. It is also the first of three experimeins the
QUENCH-ACM series, recently launched to examineetffiect
of advanced cladding materials on oxidation andnghimg
under otherwise similar conditions.

Pre- and post-test analyses were performed at §i64 a
local version of SCDAP/RELAP5 and MELCOR 1.8.6,ngsi

input models which had already been benchmarkednstga

QUENCH-06 data. Preliminary pre-test calculatiorithvboth
codes and alternative correlations for the oxidatidnetics
indicated that the planned test protocol would ehithe
desired objective of exhibiting whatever effectsghti arise
from the change in cladding-material in the cowfa transient
similar to QUENCH-06. Several correlations were lienpented
in the models, namely Cathcart-Pawel, Urbanic-Hekdr
Leistikow-Schanz and Prater-Courtright for ZircakbyZry-4),
and additionally a new candidate correlation for®Msed on

programme at

recent separate-effects tests performed at FZK 6 d¥adding

samples. Analyses of the QUENCH-14 data demonstrate

strengths and limitations of the various modelan&dentative
recommendations are made concerning choice of latioe
and effect of cladding material.

1. INTRODUCTION

The QUENCH programme is being performed at the
Forschungszentrum Karlsruhe/Germany (FZK) to ingast

i the effectiveness of water injection as a meansfidoding and

quenching a core, following a beyond-design-basisidant
with temperatures above 2000 K and possibly sorrlg phase
degradation. Among the topics of concern is therdgen
generation due to contact between the overheageftliclg and
the flowing steam. Fourteen experiments have beetied out
under a range of flooding/cooling conditions andndia
configurations, thus creating a strong database nfmdel
development and code improvement in the field ofese
accident simulation [1]. One of the ultimate goalSQUENCH
is to identify the limits (temperature, injectioate etc.) for
which successful reflood and quench can be achieved
Almost all the experiments to date were performeth w
Zry-4 as the cladding material. Other cladding male based
on zirconium-niobium alloys are being increasingtiopted for
PWR fuel, by virtue of their improved resistancectwrrosion
during operation, for example M5y AREVA and Zirl§ by
Westinghouse. In contrast to the extensive databaasilable
for Zry-4 oxidation, data for the more recently ptiml cladding
materials are comparatively scarce. For that red&sdk has
recently launched the QUENCH-ACM series [2] in orde
investigate the impact of alternative claddings bigh-
temperature reflood and quench. In parallel FZK aiso
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performing separate-effects experiments, Steintiry8t and
Grosse [4], to provide more detailed data on thermtive
claddings. The latest experiment, QUENCH-14, is firs in
this series and used M5as the cladding material. The
experiments are being performed under essentibly same
conditions in order to best meet this objectivee Thference
case for the series is experiment QUENCH-06 whics w
subject of the CSNI International Standard Probimn 45 [5]
and has been extensively reviewed and analysed.

2. SUMMARY OF QUENCH FACILITY AND TEST
CONDUCT

The main component of the QUENCH facility is the
bundle, which typically comprises 21 fuel rod siatols about
2.5 m long, of which 20 are heated over a length024 mm by
6 mm diameter tungsten heaters in the rod cerdgtespunded
by annular Zr@ pellets to simulate the UQuel. The geometry
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Figure 1a: Schematic of QUENCH facility

The test bundle, shroud, and cooling jacket arensktely
equipped with thermocouples at different elevatioasd
orientations. The test section incorporates presgauges, flow
meters, and a water level detector. Hydrogen ahdragases
are analyzed by a mass spectrometer at the offigasabout

and most other bundle components are prototypical f
Western-type PWRs (Mbcladding and Zry-4 grid spacers were
used in QUENCH-14). The central rod is unheatediandged
for instrumentation or to simulate a control rotieTheated rods
are filled with helium at about 0.22 MPa to allowedrfailure
detection by the mass spectrometer. The pressutheinest
section is around 0.2 MPa. Four corner rods (tlueahich
were Zry-4 and one was E110 in QUENCH-14) are llestdo
mount additional thermocouples. Two of these roda be
withdrawn during the test to determine the axialdation
profile at critical phases, while the others aramixed after the
test. The bundle is surrounded by a Zircaloy shrmudrovide
encasement, a 37 mm thick Zrfibre insulation, and a double-
walled stainless steel cooling jacket within whiahflow of
argon is maintained to remove excess heat. Theendeitup is
enclosed in a steel containment. The facility bandfoss-
section are shown schematically in Figures 1a énd 1
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Figure 1b: Cross section of QUENCH-14 bundle

2.7 m behind the test section. A redundant hydradgtection
system, based on heat conductivity measuremeninafybAr-
H, mixtures (Caldos), provides independent data airdgen
concentration.

The QUENCH-14 experiment conduct closely followed
QUENCH-06 and comprised four phases as indicated in
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Figure 2: initial heat-up, pre-oxidation, transientand
guenching. During heat-up the bundle reached ademyre of
about 1500 K at the hottest elevations, 950 mm fiteerbottom
of the heated section, and where significant clagldixidation
occurred. The temperatures were then controlled egughly
constant level for a period of ca. 6000 s to achitne desired
state of oxidation. A first corner rod was withdramear the end
of this phase. The transient phase was initiatedrbincrease
in electrical heating and was accompanied by iszea

hydrogen generation and associated heating. Thinced for
1200 s until the reflood temperature criterion 66Q K was
reached at 7213 s. Shortly before then a secontkcood was
withdrawn. During the bulk of the test, a flow ofgds steam
and 3 g/s Ar as carrier gas fop fheasurement was maintained.
During the last phase, water was injected at th&boof the
test section at a rate of 41 g/s, and power wascest to
simulate typical decay heat level.

stabilisation heat -up pre -oxidation transient quench
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Figure 2: Outline of QUENCH-14 test conduct

Following reflood initiation a moderate temperature
excursion was observed, reaching a peak of 2308Ksuored
on the shroud, shortly after the quench initiatibhe thermal
response was similar to QUENCH-06, in which reflomds
initiated at 7180 s, and a peak temperature of 2R4®as
measured shortly after. Hydrogen production wasg35 the
pre-oxidation and transient phases of QUENCH-14 @b g
in the quench phase, respectively, which was sintdathe
corresponding amounts generated in QUENCH-06, 3hd)
4 g. The remaining two corner rods were withdravterathe
test, again to check total oxide formation and bgén
absorption. The conduct and results of QUENCH-14
described in more detail by Stuckert [6] in a compa to this
paper.

ar

3. ANALYSES OF QUENCH-14

3.1 Analytical Tools Used

MELCOR [7] is the primary system-level code used™8/
for nuclear plant safety analysis. The recentlgaséd version
1.8.6 is being assessed in readiness for applicafidhe
simplified treatment of physical processes by mafiythe

MELCOR models, makes it necessary to perform badback
comparison with empirical data and other code systeFor
example, a partial two-fluid formulation in whichet phases are
essentially separated is used to model the twoeptizarmal-
hydraulics. SCDAP/RELAPS [8] uses a full two-fluickatment
together with a more complete treatment of theyqalthse core
degradation processes than MELCOR; it has beenlymded

in planning and post-test analyses of the QUENCH
experiments, and the models are extensively benmbmud9],
[10], [11]. For the present analyses, MELCOR 1.8u6d
SCDAP/RELAPS were used in tandem, with the latssduas
the lead tool. A variant of SCDAP/RELAP5/MOD3.2 used
here, which includes dedicated models for QUENCtetmed

by Hering [12]. Extensions to the MELCOR code talde
QUENCH simulation were developed by Cole [13]. vRvas
MELCOR analyses of QUENCH performed at PSI havenbee
carried out using version 1.8.5 [14].

The SCDAP/RELAPS input model is unchanged from
analyses of the previous QUENCH experiments. Tha&eno
comprises a single radial and sixteen axial hyiranddes for
the test section with ten nodes for the 1 m tumgsteated
length, and extends to include the upper regioncdiyas pipe.
The cooling jackets are represented by separateatiyd
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systems and containment is
condition. Although the number of axial nodes corapée with
many plant models, the node length is shorterjcatdd by the
need to resolve the steep temperature profile iEQCH. The
MELCOR 1.8.6 input was adapted from the 1.8.5 mduel
means of the supplied converter followed by somenuah
modification to achieve compatibility of the loweslume with
the input specification of the 1.8.6 version. A giar hydraulic
noding is used with MELCOR than with SCDAP/RELAPS5,
with just four axial nodes for the tungsten healmagth but
with ten core component nodes to resolve the gxiile. The
comparative levels of detail reflect customary ficacin many
applications.

A point about QUENCH is the significant fraction tofal
electrical power that is dissipated by the eleatriesistance of
the external circuitry and its contact with the pepelectrodes.
This is represented (with all codes) by a userehanstant.
Since the resistance is not known and can vary feshto test,
perhaps also during a test, sensitivity studiesewmrformed
also with respect to its value.

It is known that the hydrogen generation and lh@did of
an excursion during reflood can depend stronglyhenchoice
of oxidation correlation. The Urbanic-Heidrick (UHhodel
[15] is default in MELCOR; however, several altdimas were
used, including a recent provisional correlatiom f45° by
Grosse [4] (which we refer to as GM5) to charastehetter the
oxidation in QUENCH-14 and to assess any potential
sensitivity.

SCDAP/RELAPS uses the pairing of Cathcart-Pawel)(CP
[16] and UH correlations for oxidation in the temgptere
regimes below 1853 K (low/intermediate) and abo®&3LK
(high), with linear interpolation in between. Thentbination is
part of the MATPRO material property library [8]afume 4).
Since model changes cannot be made via input, loocdé
versions were developed with the Leistikow (L)/Brat
Courtright (PC) correlation [17] and with the GM%Upair of
correlations applied in the low/intermediate (T 853 K) and
high (T > 1873 K) regimes respectively. It is notixht the
L/PC model [17] yields similar kinetics to CP/PCheT GM5
correlation was obtained from data in the range31:0¥673 K
and formulated as two branches, with a “step” &31R which
is approximately the transition temperature betweée
monoclinic and tetragonal phases of the oxide, fasvs in
Figure 3. Similarly reduced kinetics were alsoasbed at the
lower temperature in experiments with Zry-4, Dupknd E-
110. The Grosse data do not extend into the higipeeature
regime above 1853 K. In the SCDAP implementatiorthbo
branches were implemented and the correlation rdevgeh
MATPRO (i.e. UH) at the higher temperature. A waati of
MATPRO was also implemented with the Zry-4 low
temperature branch from [4] replacing CP at T <QLRO

MELCOR allows just two branches to be input, swvés
not possible to fully represent all three regimé5(low),
GM5(high), and T > 1853K. Therefore the model \wpplied

represented as a bgundarin two different ways: (i) the two branches of 685 model

with smoothing between 1300 and 1350 K; (ii) thpeupbranch
at T < 1800 K and either PC or UH at T > 1900 Ktijwi
interpolation in between) in attempt to cover th# fange of

temperatures. Case (i) covers the entire periqot@foxidation

and in particular the slower oxidation rate at T.300, while

case (ii) captures the faster kinetics at T > 1B0But not the

slower oxidation at lower temperatures.
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Figure 3: Mass gain measurements for different cladding materials
(from Grosse [4])

The present analysis is the first application of th
MELCOR 1.8.6 code version to QUENCH. An input modabk
developed by converting the MELCOR 1.8.5 QUENCH #iod
according to the version 1.8.6 input specificatioaad
benchmarked against the QUENCH-06 data. Good agmem
was obtained for the important signatures withaghi§cant
changes to the input, as shown figure 4. Differgmices of
oxidation correlation were used, showing only a dmil
dependence of the thermal response. The samerirgulgl was
then used in the planning analysis for QUENCH-14thw
nominal boundary conditions as indicated in figre
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Figure 4: MELCOR 1.8.6 calculation of QUENCH-06 bundle temperature
at 950 mm, with alternative oxidation models
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3.2 Pre-test analyses

The primary goal of the pre-test calculations veastupport
the experiment conduct, in particular to indicdtericertainties
in the facility characteristics might cause unexpddaeparture
from the target transient. Secondary goals wereruvide
additional code validation by means of totally Hlisimulation
and to prepare for post-test analyses.

Figure 5 shows the predicted heater rod cladding
temperature history at the 950 mm elevation catedlaby
MELCOR, with the two variants of the GM5 model dé#sed
above. The choice had only a minimal effect ontémaeperature
at this location, but the low branch of the cortiela gave
noticeably reduced overall hydrogen generationndutihe pre-
oxidation phase, as is seen from Figure 6.
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Figure 5: MELCOR 1.8.6 prediction of QUENCH-14 bundle temperature
at 950 mm, with alternative forms of GM5
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Figure 6: MELCOR 1.8.6 prediction of QUENCH-14 total hydrogen
generation, with alternative forms of GM5

Figures 7 and 8 show corresponding results obtailséty
SCDAP/RELAPS5, again with the nominal boundary ctinds.
Four different oxidation models were used: CP/UHe.(i
MATPRO), CP/PC, GM5 and the MATPRO variant in which
reduced kinetics was applied at T < 1300 K. Thigrao
significant effect on the temperature until thebhtgmperature

phase shortly before reflood, when the PC coraigpiredicted

a sharp but short-lived excursion which is refldctey the
hydrogen generation. The GM5 and MATPRO variant
correlations gave almost the same hydrogen geaeratnd less
than the standard MATPRO, consistent with the olzgem
from the MELCOR calculations.

Those cases which included PC were the most ccatsazv
of the options used. It was concluded that the n@dntest
conduct would achieve the target conditions dutimg main
part of the experiment transient and would revelagtiver the
switch from Zry-4 to M5 would promote a more significant
excursion during reflood than was observed in QUENIB.
Although previously untried in QUENCH simulation eth
GM5/UH correlation was considered as best estirfrate the
point of view of expected behaviour. Sensitivitylccdations
using both codes showed that the results are eatlgraffected
by moderate changes to external resistance antliesépower.
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Figure 7: SCDAP/RELAP5 prediction of QUENCH-14 bundle temperature
at 950 mm, with alternative oxidation models
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3.3 Post-test analyses

Post-test calculations were performed with MELCO® 4
and SCDAP/RELAPS5, using the same input models aptb-
test analyses. The experimental boundary conditifors
electrical power and inlet flows were used in thesd case
calculation, imposed as functions of time excepit treflood
initiation was specified according to the same mmaxn
temperature condition as in the experiment. This dane to
provide conditions at the start of reflood as claseossible to
the experiment.

In QUENCH-14 the highest temperature was measuned o
the shroud, and reflood was initiated at 7213whath time the
temperature at the 950 mm elevation was 2120 KceSthe
shroud thermocouples are the most reliable, thedtion was
used for the comparison. Figures 9 and 10 comphbee
measured temperatures and hydrogen
MELCOR using three applications of GM5: low/high,
GM5(high)/UH and GM5(high)/PC. In each case thedtipn
was initiated when the peak temperature of 2120 & w
reached, which occurred at 7230 (within a few sdshni.e.
only very slightly later than in the experiment.
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Figure 9: MELCOR 1.8.6 calculation of QUENCH-14 shroud temperature
at 950 mm, with alternative forms of GM5
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There was remarkably little difference between the
calculated temperature histories and also the fibakstructure
is assumed to collapse upon melting and no longdicfpates
in the oxidation). Comparison is shown also wita dalculated
temperature of the ZrQOnsulation, which shows a continuing
increase. The first option gave the best agreefoeritydrogen
generation, while the other options gave (similapderate
overestimates, with GM5(high)/PC showing a fastmegation
rate during the high temperature phase. Despitdifference
between the GM5, UH and PC correlations at tempegat
above 1850 K, the calculated hydrogen masses dgedetaring
the high temperature phase were similar, sinceME&COR
model terminates the oxidation locally at ca. 285@vhen the
metallic cladding melts and relocates downward.

generation with
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Figure 10: MELCOR 1.8.6 calculation of QUENCH-14 total hydrogen
generation, with alternative forms of GM5
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Comparisons of the same measured temperatures with

SCDAP/RELAP5S are shown in Figure 11. As in the tes-
analyses, alternative oxidation correlations wesedy namely
GM5(low/high)/UH (indicated as M5sm on the figura)ready
identified as the best estimate case, and L/PCicétetl as
LPCsm). The best estimate case, using GM5(low/Hitih)
generally followed the data closely. Remarkablyd gerhaps
rather fortuitously, the temperature of 2120 K &ich reflood
was initiated was reached at the same time indleilations as
in the experiment. Again, there was no strong $eitgi to
choice of oxidation model until temperatures exegeti800 K,
since GM5(high) and L kinetics are similar. Howevabove
1800 K the PC correlation calculated a strong esical with
the result that the reflood criterion was reachbdua 50 s
earlier.. Unlike MELCOR, SCDAP/RELAPS calculates
continued oxidation until temperatures well above metallic
melting point.

3000
2800
2600
2400
2200

< 2000

© 1800

E

S 1600

2

£ 1400

(5}

= 1200
1000

e e e e e | T T T
TSH13-270 Q-14 data ]
TSH13-90 Q-14 data i
cadct-171305 SR5 MSsm (trip 7213 s) i

<= cadct-171305 SRS LPCsm (trip 7170 s)

o
o O
o o

N
o
o

I A N N RS N FUWE F FUwS R RRn hnw Fen e

200

O [T T T [T [T [T T [T T[T 77T 7T AT

1000 2000 3000 4000

Time (s)

5000 6000 7000 8000

Figure 11: SCDAP/RELAP5 calculation of QUENCH-14 shroud
temperature at 950 mm, with alternative oxidation models
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The effect can be seen more clearly in Figure 1&hwh
concentrates on the transient and reflood phasdgnw
GM5/UH gave remarkably close agreement with the.déhe
strong excursion using L/PC was still calculate@rethough
the reflood initiation time brought forward to 7176,
corresponding to the same temperature of 2120 &ppked in
the experiment. A further sensitivity studies onet of reflood
initiation did not affect the results. As can beels from
Figure 13, GM5/UH also gave the best agreemenyfdrogen
generation.
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Figure 12: SCDAP/RELAP5 calculation of QUENCH-14 shroud
temperature at 950 mm, with alternative oxidation models (reflood)

In summary, the best agreement for
generation during the pre-oxidation period was rtyeabtained
by the GM5(low/high) model, whether used with MELR@r
SCDAP/RELAP5, strongly indicating the effect of \skr
kinetics in the low temperature regime. Assessnw@nthe
models is more complicated during the transienttshbefore
and just after the start of reflood, because difieelevations of
the bundle span all three temperature regimes. Mewgood
agreement was obtained during the transient atmbrephases
with UH in the high temperature regime. The thregime
model of GM5(low/high) and UH provided the bestesgnent
of those used, which was possible to use in a apeeision of
SCDAP/RELAPS. Cases which included PC overestimbhtgd
the temperature escalation and hydrogen generatioing
these phases of the experiment.

the hydrogen
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Figure 13: SCDAP/RELAP5 calculation of QUENCH-14 total hydrogen

generation, with alternative oxidation models

5. SUMMARY AND CONCLUSIONS

The conduct of QUENCH-14 closely followed QUENCH-
06, providing an opportunity to assess oxidatioarabteristics
of M5® in comparison with Zry-4 during the course of adle
transient spanning a wide temperature range. Inatedi
consideration of the experimental results suggestsost only a
minor difference between the two cladding materials

This observation is consistent with the fact thhe t
correlation recently obtained by Grosse is simtlarthe CP
correlation which is well established for Zry-4 ithe
temperature range 1300 — 1800 K.

Input models for MELCOR 1.8.6 and SCDAP/RELAP5
were developed and benchmarked against QUENCH-26 Ala
range of oxidation correlations was used in corjoncwith
both codes, among them the trial correlation for*\M&rived
by Grosse. The models were used for pre- and pest-t
analyses.

The post-test analyses confirm the interpretatimased on
direct comparison between QUENCH-06 and -14. Closer
examination reveals that the low temperature bramichhe
GM5 correlation provides better agreement at teatpezs
below 1300 K. However, the effect of the low tengtere
kinetics on the behaviour near the top of the bainsliminor,
since the local temperatures were above 1300 Kndwimost
the entire experiment.

The GMS5 correlation is highly promising, and congtion
of the test programme under a wider range of camitand for
the different cladding materials is most desirable.

Inclusion of a low temperature oxidation model K5® in
the reactor accident analysis codes is stronglymetcended, to
enable the kinetics to be captured over the whereperature
range of interest. An analogous extension of theTRIRO
correlation might be considered for Zry-4 and otbladdings,
pending further data acquisition and model devekpm

7 Copyright © 2009 by ASME



provisional. QUENCH-14 was the first in the ACM isar
which is presently ongoing, as are the separagetsfbxidation
tests. Further analyses will be performed whenftitleset of

results are available, from which a more complegeasment
can be made concerning the effect of different dilagl

materials on oxidation and quenching.
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