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ABSTRACT

If continuous cooling cannot be maintained in a nuclear reactor due to some unforeseen
events, reflood of the dry core as soon as possible is the predominant goal to mitigate the
consequences of such abnormal situations. If core temperatures at the start of reflood are
already elevated, oxidation of clad material and related release of hydrogen cannot be ne-
glected. For such situations and for temperatures up to about 1500 K, the capabilities of RE-
LAP5 and TRACE shall be assessed. In a first step, investigations were concentrated on
transients before the reflood phase. During the work, it turned out that emphasis should be
put on oxidation effects.

To rely on a scenario that is prototypical for nuclear reactors, test QUENCH-04 out of a se-
ries of out-of-pile bundle experiments, performed at former Forschungszentrum Karlsruhe
(FZK), now part of KIT, was used as a basis. In that test, a 21-rod bundle was heated up
electrically and cooled down with steam, when a predefined temperature was reached. The
input deck for RELAPS relies on the detailed representation of the experimental facility as
used for many years for pre- and post-test calculations for the various QUENCH tests with
SCDAP/RELAPS. The post-test calculations with RELAP5 show an unphysical sudden tem-
perature increase of about 50 K during the heat-up phase, leading to subsequent code fail-
ure. This is in contrast to respective calculations with SCDAP/RELAPS.

To tackle that problem, the relevant parts were identified and extracted from the original input
deck to simplify error tracking. Similar temperature steps as for the original case are calcu-
lated with RELAPS5, if and only if the oxidation model is activated, whereas no problem exists
for SCDAP/RELAPS.

This modified input deck was transformed with SNAP for TRACE calculations to test this fol-
low-up programme of RELAPS5. The error of RELAPS calculations did not occur with TRACE,
but oxidation heat release is severely underestimated in TRACE, leading to unrealistic re-
sults. Some other shortcomings of RELAP5S, TRACE, and SNAP are also identified.



Nachrechnung des Dampfabkiihlungs-Versuchs QUENCH-04 mit
RELAP5, SCDAP/RELAPS und TRACE

ZUSAMMENFASSUNG

Wenn die Kihlung in einem Reaktor durch unvorhergesehene Ereignisse nicht dauerhaft
aufrecht erhalten werden kann, ist das schnellstmégliche Fluten des leer gesiedeten Kerns
das vorherrschende Ziel, um die Folgen einer solchen abnormen Situation zu mildern. Wenn
die Kerntemperaturen beim Beginn des Flutens schon ziemlich hoch sind, kénnen Oxidation
der Hullrohre und damit verbundene Wasserstoff-Freisetzung nicht vernachlassigt werden.
Fir solche Situationen sollen die Fahigkeiten von RELAPS und TRACE fur Temperaturen bis
etwa 1500 K abgeschatzt werden. in einem ersten Schritt wurden die Untersuchungen auf
Transienten vor dem Beginn des Flutens beschrénkt. Bei der Arbeit stellte sich heraus, dass
das Augenmerk auf Oxidationseffekte gelenkt werden sollte.

Um ein Scenario zu als Grundlage zu verwenden, das flir Reaktoren prototypisch ist, wurde
der Versuch QUENCH-04 aus einer Serie von out-of-pile-Experimenten benutzt, die am e-
hemaligen Forschungszentrum Karlsruhe (FZK), jetzt Teil des KIT durchgefihrt wurden. In
diesem Test wurde ein 21-Stab-Blindel elektrisch aufgeheizt und mit Dampf abgekunhlt, als
eine vorgegebene Temperatur erreicht wurde. Die Eingabedatei fur RELAP5 beruht auf einer
detaillierten Darstellung der Versuchsanlage, wie sie viele Jahre lang fur Voraus- und Nach-
rechnungen fir die verschiedenen QUENCH-Tests mit SCDAP/RELAP5 benutzt wurden. Die
Nachrechnungen mit RELAPS zeigen — im Gegensatz zu entsprechenden Rechnungen mit
SCDAP/RELAP5 — einen plétzlichen unphysikalischen Temperaturanstieg von etwa 50 K
wéhrend der Aufheizphase, der zum Abbruch der Rechnung fiihrt.

Um dieses Problem weiter zu untersuchen, wurden die relevanten Teile der urspringlichen
Eingabe isoliert, um die Fehlerursache leichter herauszufinden. Ahnliche Temperaturspriinge
wie im urspringlichen Fall werden mit RELAPS5 dann und nur dann berechnet, wenn das
Oxidationsmodell aktiviert ist, wahrend es mit SCDAP/RELAPS5 keine Probleme gibt.

Diese modifizierte Eingabedatei wurde mit SNAP fir TRACE-Rechnungen umgewandelt, um
dieses Nachfolge-Programm von RELAPS5 zu testen. Die Fehler der RELAP5-Rechnungen
traten bei TRACE-Rechnungen nicht auf, aber die freigesetzte Oxidationswarme wird in
TRACE deutlich unterschétzt, was zu unrealistischen Ergebnissen fihrt.
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ABBREVIATIONS AND ACRONYMS

LOCA Loss of Coolant Accident

MS Mass Spectrometer

Pe Total electrical power as derived from measured current and voltage
PWR Pressurized Water Reactor

R5 RELAPS

RELAP old: Reactor Excursions and Leak Analysis Program
now: Reactor Leak and Analysis Program

S/R5 SCDAP/RELAPS

SCDAP Severe Core Damage Analysis Package

TC Thermocouple

TClI Thermocouple embedded in the inner cooling jacket

TCR Thermocouple at the central rod outer surface

TCRC Thermocouple at the central rod centre line

TCRI Thermocouple at the central rod clad inner surface

TFS Thermocouple at the fuel rod simulator (heated rod) outer surface
TIT Thermocouple at the corner rod centre line
TSH Thermocouple at the shroud outer wall surface

TRAC Transient Reactor Analysis Code
TRACE TRAC/RELAP Advanced Computational Engine
USNRC United States Nuclear Regulatory Commission






Introduction

1 Introduction

If continuous cooling cannot be maintained in a water-cooled nuclear reactor, the core boils
down and the structures, above all the fuel rods, heat up. Such a situation may occur, when
the station supply power is not available and auxiliary systems fail to start or when a suffi-
ciently large leak occurs and the water, collected in the reactor sump, cannot be used for
cooling. Reflood of the dry core as soon as possible is the predominant goal to mitigate the
consequences of such abnormal situations. Part of the incoming water boils due to the high
temperatures, and the resulting steam reacts chemically with the structures, i.e. above all the
clad material is oxidized, and hydrogen is released. Since oxidation is an exothermic reac-
tion, temperature increases locally. At higher temperatures, these effects cannot be ne-
glected, and this does not only concern design extension, but also design basis conditions.

Computational work for design basis conditions can be done with USNRC codes RELAPS [1]
and, as a more recent development, TRACE [2], whereas SCDAP/RELAPS5 [3] should be
used for beyond design basis conditions, because this code also considers material behav-
iour that plays an important role in such situations. All three codes include models for the
oxidation of Zircaloy (Zry), in the RELAP5 and TRACE manuals called metal-water reaction.
The models describe the effects at different levels and with different sophistication, see
Annex A. Though many applications of RELAPS and TRACE concern lower temperatures, it
should be guaranteed that the codes give reliable results in the whole range of applications
for which they are intended, i.e. to about 1500 K. Such applications may also be interesting,
when new clad materials are considered.

For this reason, it is our aim to assess the capabilities of RELAP5 and TRACE for such situa-
tions. In a first step, work concentrates on the heat-up phase before reflood initiation to avoid
too many problems at a time. In addition, it should be guaranteed that the chosen scenario is
prototypical for reactor conditions. Therefore and to enable a respective comparison, the
present work is based on an experimental basis.

According to the interest and experience in research about delayed flooding of nuclear reac-
tors in our group, the QUENCH program is used as a basis for the present work. It has been
set up at the former Forschungszentrum Karlsruhe (now part of KIT) in the 1990s to study
hydrogen generation of an overheated core during water reflood and steam cool-down. In
particular, physico-chemical behaviour of overheated fuel elements, material interactions at
high temperatures, i.e. for design extension conditions are investigated, and a database for
model development and code validation is created. On the experimental side, the program
consists of separate effects tests and bundle tests. The experimental programme now also
includes LOCA (Loss of Coolant Accident) conditions with new clad materials.

For many years, we were involved in that program with computational and other analytical
work for the bundle tests, starting with our support to construct the related QUENCH facility
[4] and continuing with pre- and post-test analysis of many tests. For the calculations on
QUENCH tests, mostly the in-house version of SCDAP/RELAPS mod 3.2 was used, contain-
ing models for special features of the QUENCH facility [5]; code version mod 3.3 was seen to
be inoperable for the QUENCH tests.
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Since the assessment of RELAP5 and TRACE for pre-reflood conditions, aim and subject of
the present report, should be done on a simple basis, test QUENCH-04 [6] has been chosen
out of the 15 bundle tests, run up to now. Related SCDAP/RELAPS5 calculations were done
with the in-house version [5] of SCDAP/RELAPS mod 3.2hx shortly after the test. Further
improvements of the input deck, based on present knowledge of the test facility and the
tests, might be possible but could not be done for time reasons. In addition, the deviation
between measured and calculated results does not play a critical role in this report.

In a second step, an input deck for RELAP5 mod 3.3gl was developed out of the SCDAP/RE-
LAPS5 input deck and tested. Though USNRC does not support code development for RE-
LAP5 any longer, USNRC provides a continued support, including errors removal, as far as
possible, and provides the code to external users, and the code is widely used all aver the
world. Therefore, an assessment of its capabilities may still be useful. Besides, the RELAP5
input deck could also be used with SCDAP/RELAP5 for comparison, after some small
changes were made. In addition, the SNAP programme [7] could be used to convert the RE-
LAPS input deck for TRACE. This was faster, easier, and more reliable than to develop an
input deck by hand. An assessment of that code was therefore done as a final step, using
TRACE v5.0p1. This work is even more important than the assessment of RELAPS5, because
TRACE is under current development, and its use is emphasized by USNRC.

During the investigations, reported here, it turned out that emphasis should be put on oxida-
tion effects. In contrast to SCDAP/RELAPS5 applications, results of RELAP5 and TRACE
should only be considered for design basis conditions, and temperatures above about
1500 K in the test should not be considered. Results for higher temperatures are, however,
included in the present report because of the chosen experimental basis.
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2 Experimental Basis

2.1 QUENCH Facility

In the following, a short description of various aspects of the QUENCH facility is given with
figures taken from [6] and from similar documentation. More details are documented in [6].
The QUENCH facility (see fig. 2-1), consists of the test section as its main part and a number
of external devices (fig. 2-2). The facility has undergone several modifications during time.
The fast water injection has been installed before the conduct of test QUENCH-06 to accel-
erate flooding of the structures below the bundle for water quenching.

The test section consists of a bundle with 21 rods (fig. 2-3). Their arrangement and their
cladding (Zry-4) are typical for commercial Western type PWRs. The empty space in the rods
is filled with a mixture of argon and krypton with some overpressure; the krypton additive
allows detecting rod failure during the test with the mass spectrometer. The central rod is
unheated; the other 20 rods are fuel rod simulators with annular ZrO, pellets. They are
heated electrically over a length of 1024 mm; the tungsten heaters are connected to a com-
bination of molybdenum and copper electrodes at both ends. Electrical power supply is inde-
pendent for the eight inner and the twelve outer fuel rod simulators. The four Zry corner rods
(rods with a diameter of 6 mm in fig. 2-3) are intended to reduce the flow cross section in that
region to values that are closer to the normal subchannel size and so to give a flat lateral
temperature profile in the bundle and a flat lateral velocity profile during the reflood phase; in
addition, they are used for instrumentation. One or two of them may be removed during the
test to analyze the axial profile of the oxide layer thickness, formed up to that time. The rods
are held in their positions by five grid spacers; the lowermost grid spacer is made of Inconel,
the others of Zry. Their lower edge is at axial positions —200 mm, at 50, 550, 1050, and
1450 mm, respectively, where axial elevation 0 mm is set to the lower end of the heated
length.

A mixture of steam and argon enters the bundle from the bottom; the fluid, i.e. steam, argon,
hydrogen, leaves the bundle at its top to enter the off-gas pipe. System pressure is set during
the starting procedure for a test to about 0.2 MPa by adjusting a spring at a valve near the
downstream end of the condenser and upstream of the Caldos instrument for hydrogen de-
tection (fig. 2-1). There is no control to maintain that value during the test so that the system
pressure changes during cool-down by about 0.03 MPa.

The bundle is contained in a Zry shroud and insulated by ZrO, fibre material, filling the annu-
lus between shroud and the inner cooling jacket. The shroud material contributes to local
heating in the hot zone due to oxidation at its inner surface and in this way simulates contri-
butions of a large reactor fuel element, not represented in the facility. This leads to a flatter
radial temperature profile in the bundle than with another shroud material. The bundle and its
insulation are cooled by counter-current water (upper electrode zone) and argon (heated
zone and lower electrode zone) flows within the cooling jackets. The whole set-up is en-
closed in a steel containment for safety reasons.
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2.2 Instrumentation

The test section is equipped with more than 90 thermocouples at 17 axial locations in the
heated and in both electrode zones. The lowest axial position is at =250 mm (level 1); their
axial distance from one another is 100 mm. Therefore, levels 4 to 13 refer to instrumentation
of the heated zone. TFS and TIT are TCs on the outer clad surface of fuel rod simulators,
and in the centreline of corner rods, respectively. TCRC refer to the central rod centreline,
TCRI the central rod cladding inner surface, and TCR to the central rod cladding outer sur-
face. TCs of type TSH are mounted on the outer shroud surface; TCl are imbedded in the
inner cooling jacket. For a given TC, the designation contains the axial level and the radial or
azimuthal position. In particular, for TFS the radial position is indicated before the axial level,
1 refers to the central rod, 2 and 3 to the inner and 4 and 5 to the outer heated rods; more
details are given in [6]. At high temperature, it may happen that a TFS or TSH looses its con-
tact with the adjacent surface or that a new TC junction forms due to melting. In such cases,
readings become unreliable, and only qualitative conclusions can be drawn, if at all.

The total electrical power P is calculated as the product of measured current and voltage
and summed over the two electrical circuits. Voltage measurement is outside the heated rods
and contains voltage drops e.g. in wires and in the sliding contacts at the ends of the heated
rods. Therefore, the electrical power, released into the bundle, is smaller than the total elec-
trical power Pg,. In recent QUENCH tests, the electrical resistance of the sliding contacts has
been derived from pre-test measurements of the electrical resistance of the rods. The results
indicate that the electrical resistance may vary from test to test. In later tests, related resis-
tances were measured, before the test was performed.

Fluid composition is mainly analyzed by a quadrupole mass spectrometer “GAM 300" at
about 2.7 m into the off-gas pipe. Downstream of the condenser, a hydrogen detection sys-
tem “Caldos 7 G”, based on measuring thermal conductivity of the fluid, and a mass spec-
trometer “Prisma”, simpler than “GAM 3007, are installed close to each other.

For the GAM 300 MS, several improvements have been made since the start of the
QUENCH program [8]. In QUENCH-04, however, measurement of steam mass flow was
calibrated with an external source for the QUENCH tests. A pump to decouple the driving
pressure drop for the MS from pressure in the off-gas pipe was not yet installed neither.
When a large portion of steam is consumed in the bundle, less steam can be condensed in
the condenser, and the pressure drop in the condenser should decrease. Due to the argon
flow, there is, however, always a residual pressure drop. Since the system pressure is not
kept constant at that level during the whole test in one or another way, the original set-up
may give unsatisfactory results, especially during cool-down.
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2.3 Test Conduct

The bundle was heated from room temperature to ~900 K in an atmosphere of flowing argon
and steam with 3 g/s each. The bundle was stabilized at this temperature for about 2 hours
with an electrical power of 4.3 kW (see fig. 2-4). At the end of the stabilization period, 121 s
after starting data acquisition, the electrical power was increased nearly linearly to a maxi-
mum of 16.2 kW so that the bundle was ramped at 0.31 W/s per rod. It resulted in an aver-
age temperature increase of about 0.35 K/s between 900 K and 1400 K and of 1.0 K/s be-
tween 1400 K and 1750 K. Corner rod B was withdrawn from the bundle at about 2012 s at a
maximum bundle temperature of about 1780 K to check the oxide layer thickness accumu-
lated up to that time. The steam cool-down sequence was initiated at a maximum bundle
temperature of about 2160 K. The steam flow was turned off at around 2064 s, whereas the
argon gas remained unchanged. For cooling the test bundle, steam was injected at the bot-
tom of the test section at a mean rate of 50 g/s for 242 s. At 2088 s, the electrical power was
reduced to 4 kW within 15 s, and was shut off at 2302 s. 1 s later, the cool-down steam was
turned off, terminating the experiment.
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The figure shows from top to bottom a typical temperature at level 13, normally the hottest
axial measuring position, bundle inlet mass flow rate, and total electrical power.
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3 Computational Support of QUENCH-04 with
SCDAP/RELAPS

Within our R&D activities, calculations have been made to define experimental parameters of
the QUENCH experiments up to and including QUENCH-11 and to interpret the experimental
results, after the experiment had been performed. For the calculations, the in-house version
[5] of SCDAP/RELAP5 mod 3.2 [3] has been used. This programme version contains an im-
proved model for heat transfer in the transition-boiling region [9], an adaptation of the
SCDAP model for electrically heated fuel rod simulators to the conditions of the QUENCH
facility, and the material property data for ZrO, instead of those for UO, to model the pellets.

The various calculations also rely on the experience gained from calculations, done up to
then. With experience, gained afterwards, some changes would be made in the modelling of
the facility and test QUENCH-04, and the agreement between experimental and calculated
results would probably be improved. However, an improvement of earlier post-test calcula-
tions is not the aim of the present investigations. The deviations between experimental and
calculated data do not play a critical role in this report; they should therefore not be taken too
seriously. In the context of the present report, the test QUENCH-04 is meant as a prototypi-
cal example of core heat-up after dry-out and subsequent steam cool-down. In this section,
the test is also used to demonstrate the various processes during the test.

3.1 Modelling of the QUENCH Facility

The nodalization scheme of the QUENCH facility is shown in fig. 3-1. Apart from limited
changes and an axial mesh refinement, used in later QUENCH tests, it is the same for all
QUENCH tests. In the radial direction, the whole facility including the containment is mod-
elled, because the only reliable boundary condition to calculate the radial heat losses out of
the bundle is the ambient room temperature. This concept is mandatory for all work per-
formed before experimental data are available, and it is desirable for all post-test analyses,
because the calculated data are more detailed than the experimental ones.

At the time of our calculations for QUENCH-04, the number of axial meshes in SCDAP/-
RELAP5 was restricted to 16. Axially, the heated part is therefore modelled with ten 0.1 m
long meshes. The lower and upper electrode zones are discretized with three meshes each,
assuming molybdenum as electrode material. The unheated rod and the four Zry corner rods
are modelled as SCDAP fuel rod components and the two rows of rods to be heated inde-
pendently as SCDAP simulator components. The temperature at the end of the rods is set to
300 K. The shroud, the insulation, the inner and outer cooling jacket, and the containment
are modelled as SCDAP shroud components, the shroud, the ZrO, insulation, and the inner
cooling jacket forming a single component. By using SCDAP components for the facility
model, two-dimensional heat conduction within the structures and radiation between adjacent
structures are taken into account.

11
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fig. 3-1 Nodalization of the QUENCH facility for calculations with SCDAP/RELAPS

The ZrO, fibre insulation is modelled to end at the upper end of the heated zone [5], as it is
correct for the QUENCH tests. With this exception, all structures must be modelled to have
the same length because of limitations in the code. Therefore, the upper and lower head
cannot be modelled in all details. In early stages of our computational support, it was judged
that the correct modelling of geometry of the shroud and the shroud insulation is predomi-
nant. This has a drawback on modelling of electrical power input, as will be outlined later.
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Due to modelling restrictions in SCDAP/RELAPS, the structures outside the bundle must be
represented in Cartesian instead of cylindrical geometry. This approximation is justified,
when the thickness of the component is small in comparison to its inner radius. For the first
SCDAP component “shroud”, which contains the shroud itself, the shroud insulation and the
inner cooling jacket, this assumption is not justified. Therefore, its volume is about 40 % lar-
ger than for a Cartesian geometry, and for the same temperature difference, the average
heat flux is also larger by about 40 %. Since the major part of this domain is filled by the insu-
lation material, both its specific heat capacity and the thermal conductivity have been in-
creased by 40 % to compensate for this geometry effect. This treatment is, however, only an
approximation, because average values for the whole domain are considered, and for a bet-
ter representation, the use of cylindrical co-ordinates to solve the heat conduction equation is
mandatory. For this reason and for a better match with experimental data, heat conduction in
the ZrO, fibre insulation was adjusted during the post-test calculations for QUENCH-01, and
this adjustment has not been changed since, though there is meanwhile information that this
modelling might be improved.

For the electrical power history, the experimental information is used directly. The electrical
power, released outside the bundle, but inside the region that is included by voltage meas-
urement, is accounted for by a constant electrical resistance outside the bundle [5]. In the
calculations, the same value of 4.2 mQ per rod was used as for post-test calculations for test
QUENCH-01 [10].

The bundle flow and the gas atmospheres outside the outer cooling jacket, i.e. in the con-
tainment and the laboratory, are represented by a single channel each. The gas atmos-
pheres outside the outer cooling jacket are assumed to be stagnant, thus neglecting natural
convection in these regions. Since only a limited number of materials can be specified, these
atmospheres are modelled to consist of argon instead of air.

The off-gas pipe is taken into account with its whole length of 3 m, including the orifice at the
position where the gas sample for the mass spectrometer is taken and the orifice at the outlet
of the off-gas pipe. The mass flows in the off-gas pipe and the adjacent cooling jacket are
modelled to be one-dimensional, the structures are modelled as RELAP5 heat structures,
thus taking into account radial heat transfer within the structures.

For post-test calculations, fluid inlet temperature has to be adjusted according to the reading
of thermocouple TFS 2/1 at =250 mm. This TC is bent into the flow channel to measure the
fluid temperature near the bundle inlet. Other information base would be measured fluid tem-
perature T 511 in the inlet pipe, but firstly, this is a local value, not representative for the bulk
temperature in that cross section; secondly, heat losses between that TC location and the
bundle inlet cannot be neglected. Other input values like mass flow rates and power history
are of course taken directly from the experiment. More details of the modelling are discussed
in [10].
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3.2 Results

To give an overview of the experimental and computational results, several graphs are com-
bined in a single figure here and in the following. Measured and calculated results are given
in fig. 3-2. The two curves for electrical power (top of the figure) in this and subsequent fig-
ures refer to power, released in the bundle, and total electrical power P, measured in the
facility (see sections 0 and 3.1 for the difference between them). According to the calculation,
68 % of the total electrical power is released into the bundle at the start of the test and 77 %
before decreasing the electrical power at 2088 s. The difference between total electrical
power and power, released into the bundle, will play a role throughout the whole investiga-
tion. The figure also shows that the released chemical power cannot be neglected with re-
spect to the electrical power input later in the test.

Designations cld2_xx and cld3_xx for the measured temperatures in fig. 3-2 and subsequent
figures refer to calculated results for the inner and outer heated rods, respectively, at axial
level xx. The large number of measured values is meant to give an idea of experimental
variations and scatter. Calculated results are shown as solid lines in this report. They agree
quite well with measured ones in the centre of the bundle. They are overestimated at the
bottom and hence underestimated at the top of the heated length, because the total electrical
power input is specified. The difference increases with time because of increasing oxidation
of Zry claddings and shroud.

These deviations demonstrate a crucial drawback of electrical bundle heating: the electrical
resistance of metal heaters increases with temperature. This effect results in an increase of
local release of electrical power. Oxidation of the Zry cladding and shroud is exothermic and
increases significantly with temperature (top of fig. 3-2). Both effects are a positive feedback
for temperature development in the bundle. The feedback increases with temperature and
makes calculations difficult. Things become even worse, when oxidation kinetics change at
about 1800 K [11] to even more violent oxidation, leading to temperature escalations, i.e. to
fast and strong temperature increases that cannot be compensated by cooling.

In addition, fig. 3-2 shows that even for temperatures below 1500 K, chemical power release
and hence oxidation effects cannot be neglected. This result emphasises the relevance of
the present investigation. Since the effects are underestimated with SCDAP/RELAPS5, they
are even larger in the test, hence in reality.
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fig. 3-2 Selected measured and calculated (S/R5) results for QUENCH-04 (I)

The figure shows from top to bottom calculated and measured history of electrical and
chemical power and of rod surface temperatures at the top, the centre, and the bottom of the
heated length (axial levels 13, 9, and 4, respectively).
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Because of underestimated bundle temperatures in the hot zone and the positive feedback,
hydrogen production becomes more and more underestimated (fig. 3-3). The figure also
shows that temperatures at the uppermost two axial levels and hence oxide scales are calcu-
lated to be nearly the same.

Axial temperature profiles are rather flat in the nearly unheated electrode zones (fig. 3-4).
The decrease in the upper electrode zone is due to the large radial heat losses, because
bundle insulation ends at the upper end of the heated zone. If the upper electrode zone were
insulated, rod temperatures would become excessively high, and the electrodes would melt,
as our calculations in the construction phase of the facility show [4]. The relatively low bundle
and shroud temperatures, measured at 0.55 m, are probably due to a spacer grid at that ele-
vation: local redistribution of the fluid near the spacer grid causes enhanced cooling. The
fluid outlet temperature is only given as a rough estimate. Since the respective TC was situ-
ated outside the bundle cross section, its reading was influenced by the radial temperature
decrease between the bundle and the water-cooled upper plenum wall and was hence not
representative for the bulk values calculated in SCDAP/RELAPS. The figure also gives an
impression of the radial temperature profile in the bundle. In addition, it shows the efficiency
of argon- and water-cooling outside of the bundle. In spite of the relatively low temperature,
radiation between the outer cooling jacket and the containment cannot be neglected, as can
be demonstrated with appropriate calculations.

Calculated axial temperature profiles at the start of the power transient are correct. Later in
the transient, the measured high temperatures at the upper end of the heated zone are un-
derestimated. One reason for the deviation is the large axial mesh length that has been re-
duced in calculations for later tests. The TCs around the upper end of the heated zone that
are unreliable at high temperatures in the first QUENCH tests for technical reasons [12] are
omitted in fig. 3-4 for t = 2063 s.

Axial profiles at the time when a corner rod was withdrawn from the bundle are shown in fig.
3-5. In this and in the subsequent axial plots, the extension of the heated zone is indicated by
vertical dotted lines. The calculated oxide scales are quite close together according to the flat
radial temperature profile. Due to the differences in maximum temperature, the oxide scale in
the hot zone is underestimated in the calculation. In contrast, oxidation is overestimated in
the colder parts of the bundle. Therefore, the measured profile of oxide scale is narrower
than the calculated one. Oxidation modelling might be improved in principle for such situa-
tions, but in severe accident sequences, as addressed in codes like SCDAP/RELAPS5, con-
tributions of oxidation at low temperatures to the total hydrogen release are negligible. As an
overall result, the figure shows that the hot zone in the bundle is rather limited.

A deeper insight into the various results can be obtained from axial profiles for electrical and
chemical power release for various axial temperature profiles (fig. 3-6). The stepwise initial
temperature profile is due to respective approximations in the input deck. In the heated zone,
local electrical power release is nearly constant in early times of the test. Later on, the posi-
tive feedback due to the metal heater results in higher release of electrical power in the hot
zone, and the axial profiles become steeper. Electrical power release in the electrode zones
is small due to the electrode material. In contrast, chemical power release occurs dominantly
in the small zone around the axial level, where temperature reaches its maximum value, be-
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fig. 3-3 Selected measured and calculated (S/R5) results for QUENCH-04 (II)

The figure shows from top to bottom electrical and chemical power history, calculated sur-
face temperatures of the inner heated rods and oxide scales for the inner heated rods,
measured and calculated hydrogen production rate and cumulated hydrogen mass.
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fig. 3-4 Measured and calculated (S/R5) axial temperature profiles for QUENCH-04

The figure shows from top to bottom temperature profiles at the start of the power transient,
the time, when a corner rod was withdrawn, and at the start of the steam cool-down. The
meaning of colours for measured (symbols) and calculated (lines) data for the various com-
ponents is given in the top legend, the azimuthal position of shroud and cooling jacket TCs in
the bottom legend.
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fig. 3-5 Selected measured and calculated (S/R5) axial profiles for QUENCH-04

The figure shows from top to

bottom axial profiles of measured and calculated facility tem-

peratures and oxide scales and calculated hydrogen generation rate at the time, when the

corner rod was withdrawn.
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fig. 3-6 Calculated (S/R5) axial profiles about local power release in QUENCH-04

The figure shows from top to bottom calculated results for the outer surface temperatures for
the inner heated rods, linear electrical and chemical rod power release, and their ratio for
various times.
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cause the increase of oxidation and the related increase of chemical power with temperature
are strong. This difference is essential for a correct understanding of such tests and explains
the narrow curve for oxidation scale in fig. 3-5. The different axial profiles of electrical and
chemical power release should also be kept in mind, when global values for power release
are interpreted as in the top of fig. 3-2.

The ratio of local chemical to electrical power release clearly demonstrates the role of oxida-
tion. The related chemical power release is spatially limited, but it cannot be neglected above
about 1200 K for the current transient. Since the oxidation rate also depends on the current
oxide layer thickness, the limit might be lower for faster transients and higher for slower
ones. That means that it also concerns the range of design basis conditions. A reliable model
is therefore indispensible, and an assessment of the respective capabilities of codes like RE-
LAPS and TRACE is justified.
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4 Calculations for QUENCH-04 with RELAPS

4.1 Modelling of the QUENCH Facility

As far as possible, the SCDAP/RELAPS modelling has been used for the calculations with
RELAP5. However, the SCDAP components for fuel rods, simulators, and shroud have to be
replaced by heat structures so that heat conduction can only be considered one-dimen-
sionally instead of two-dimensionally. This is a code limitation for all electrically heated ex-
periments, because the thermal conductivity of the metallic heater elements is by far larger
than that of UO, so that axial heat conduction cannot be neglected. In addition, the advan-
tage of the detailed electrical heater model [5] is missing in RELAPS. The space between the
shroud and the inner cooling jacket in the upper electrode zone, i.e. the region without ZrO,
insulation, is modelled as a space with stagnant argon.

Since a detailed model for the fuel rod simulators, i.e. the heated rods in the bundle, as in
SCDAP/RELAPS is not available, the local release of electrical power cannot be calculated
as a function of local temperature. Therefore, the axial profile for electrical power release has
to be prescribed explicitly. For this purpose, SCDAP/RELAPS results for QUENCH-04 have
been used, see fig. 4-1. Normalized linear rod power shows that the axial profile becomes
steeper with time beyond increase of maximum value™ with time. This issue has been de-
scribed in section 3.2 about positive feedback of electrical heaters. In a first step, however,
some intermediate axial profile can be used as an approximation, though a better solution as
implemented in SCDAP/RELAPS would be preferable. This approximation is not valid, when
a temperature escalation, as it occurs in QUENCH-04 at about 2000 s, has to be taken into
account. In the calculations, electrical power input is set such that 72 % of the total electrical
power is released in the bundle as for the SCDAP/RELAPS calculations.

View factors have also been derived from calculations with SCDAP/RELAPS. Oxidation can
only be considered for rods, not for the shroud. This code deficiency has a significant draw-
back on the present application, because the shroud surface corresponds to that of more
than seven fuel rod simulators and hence to nearly exactly 25 % of the total oxidizing sur-
face. It makes comparison with experimental data impossible and comparison with
SCDAP/RELAPS results more difficult.

23



Calculations for QUENCH-04 with RELAP5

4.2 Results

Plot information is scarcer than for SCDAP/RELAPS5 calculations. Therefore, most important
time dependent results are collected in a single figure, fig. 4-2, for comparison with experi-
mental data. Temperatures are higher than for SCDAP/RELAPS. This difference is compati-
ble with the lack of axial conduction in RELAP5 heat transfer model. Up to 1560 s, agree-
ment of calculated temperatures with experimental values is quite good, taking in mind the
approximations with respect to SCDAP/RELAPS. The calculated and measured radial pro-
files are similar. At that time, a sharp temperature step of nearly 50 K is calculated for the
inner heated rods at the upper end of the heated zone. A similar temperature step is calcu-
lated for the outer heated rods at 1575 s and for the unheated central rod at 1590 s. fig. 4-3
shows that other axial levels are not involved. This can be seen even more clearly in fig. 4-4,
where the derivatives with respect to time are given. After the temperature step, temperature
increases smoothly, but becomes faster and faster, until code failure at 1755 s. Experimental
results is grossly overestimated after the temperature step.
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fig. 4-1 Calculated axial profiles about local electrical power release in QUENCH-04
The figure shows from top to bottom calculated (S/R5) results for the surface temperatures of
inner heated rods, real and normalized linear electrical rod power for various times.
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fig. 4-2 Selected measured and calculated (R5) results for QUENCH-04

The figure shows from top to bottom history of total facility power and surface temperatures
of the various bundle components at the top, the centre, and the bottom of the heated length
(axial levels 13, 9, and 4, respectively) and cumulated hydrogen mass.
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fig. 4-3 Calculated (R5) rod and shroud temperatures for QUENCH-04
The figure shows from top to bottom surface temperatures at all axial levels of the various
bundle components.
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fig. 4-4 Calculated (R5) temperature derivatives for QUENCH-04
The figure shows the derivatives of the rod and shroud temperatures, shown in fig. 4-3.
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5 Calculations for Alternate Bundle with RELAP5S

5.1 Modelling of the Alternate Bundle

Since the sharp temperature step at 1560 s and the subsequent
overestimated temperature increase are not acceptable, this error
A was examined in more detail. In a number of steps, those parts of

= the original input deck were isolated that are essential for the error;
i all other parts are deleted. In the final version, only a bundle, similar
to the original geometry, with time dependent volumes and junctions
at its ends are taken into account (fig. 5-1); the lower plenum, argon
and water inlet, the components outside the shroud and the off-gas
pipe are not modelled (fig. 3-1).

In detail, the bundle is modified to some aspects with respect to the

experimental conditions of QUENCH-04. Sixteen axial meshes are

used as before, but all with the same length of 0.1 m. The corner

rods are modelled to be identical to the unheated central rod; the

shroud diameter is increased for geometric consistency. The spacer

grids are not considered. The bundle is modelled to be in an adia-

A batic Zry shroud. Radiation heat exchange is not taken into account.

, The steam mass flow rate is constant at 3 g/s with a constant inlet

temperature of 620 K. Initial temperatures of the heat structures are

modified because of the above changes. Their axial profiles are the

fig. 5-1 Nodalization same for all rods and the shroud. Because of the modifications, cal-

of alternate bundle culated temperatures in the inner and outer heated rods and of the
with RELAPS central and the corner rods, respectively, are the same.

Two calculations are done for the alternate bundle up to the start of the steam cool-down
phase, one without and one with rod oxidation, cases A and B, respectively. As mentioned in
section 4.1, the oxidation model can only be activated for rods but not for the shroud. In cal-
culations for the alternate bundle with SCDAP/RELAPS5, done for comparison, the same input
deck is used as for RELAP5 except for some minor formal changes. This means, that in
these SCDAP/RELAP5 calculations, shroud oxidation is also suppressed. Data for the vari-
ous calculations, including those with TRACE, are listed in Tab. 5-1.

The electrical power input is modified with respect to the original QUENCH-04 case so that
for both cases (with and without oxidation), the maximum bundle temperatures and hence
hydrogen production are similar to those of the original QUENCH bundle in the temperature
range of interest for RELAPS. In later times, very high temperatures may be reached.

Since in case A the maximum temperature is a result of electrical power release alone and in
case B of combined electrical and chemical power release, additional electrical power is re-
quired in case A to reach the same maximum temperature as in case B. In later times into
the transient, electrical power in case A is therefore markedly higher than in case B.
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+ 15 2063.0 97.69
+ 40 2063.0 96.09

Tab. 5-1 List of cases, calculated with the various codes
Code case OX Pnax tens cputime comp
(kW) (s) (s)
SCDAP/RELAP5 A - 40 2063.0 28.92 IBM pSeries Power 4, 1,5 GHz
B + 15 18424 25.58
RELAP5 A - 40 2063.0 139.58 Intel Xeon, 2.4 GHz
B + 15 1943.3 138.21
TRACE A - 40 2063.0 94.59 Intel 2,2.93 GHz
B
C

ox oxidation model on/off
Pmax maximum total electrical power
tena mMaximum problem time

The time step is 50 ms for all calculations. SCDAP/RELAPS case B ends abnormally, when
the upper temperature limit of 2500 K in material property data is exceeded, demonstrating
that no error during programme execution occurs before. RELAP5 case B ended abnormally
due to a fatal error during programme execution.

This modelling of electrical power history in the two cases can only be approximate, because
heat release due to oxidation is largely restricted to the hot region at the upper end of the
heated zone, whereas electrical power release varies by far less in the heated part of the
bundle, see central part of fig. 3-6. Therefore, changes of the electrical power also affect the
lower part of the bundle. Some more efforts for a better presentation of the real QUENCH
case might have been done, but taking in mind the above limitations of the model, further
efforts did not seem to be justified for the present investigation.

5.2 Results

When the oxidation model is deactivated (case A), temperatures differ somewhat with re-
spect to the related SCDAP/RELAPS calculation. The temperature differences increase with
time, but they are always below 15 K. This is an indication that there may be small differ-
ences in the two codes, but the input deck is interpreted essentially in the same way in the
two codes.

Whereas no problem was detected in the calculation without oxidation, the code ends ab-
normally at 1943 s due to very high temperatures. As for the original QUENCH case, there is
a steep and sudden temperature increase of 50 K and more at one axial level, but neither at
the upper end of the heated zone nor at the same level for heated and unheated rods (fig.
5-2). The derivatives of temperature with respect to time at other axial levels are interpreted
as a consequence of the temperature step at a single level (fig. 5-3). For the heated rods, it
is at axial level 8 at 1893 s, for the unheated rods it is even at axial level 12 at 1921 s.
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The axial temperature profiles (fig. 5-4) show the increasing influence of oxidation. As ex-
pected, it occurs mainly in the hot zone. Due to the higher temperature, it is largest in the
heated rods. In the lower part of the heated zone, calculated temperatures are higher in case
A (without oxidation) than in case B, the effect being larger later in the transient. This effect is
due to the different electrical power input in cases A and B. In case A, electrical power is
higher to compensate for the lacking release of chemical power. The latter is essentially re-
stricted to the hot zone, but the increase of electrical power is applied to the whole bundle
length, as explained in section 3.2 and at the end of section 5.1, leading necessarily to higher
temperatures at the bottom of the heated length. The effect would even be higher, when the
maximum temperatures in cases A and B would be closer together by some more efforts to
prescribe the electrical power history.

A comparison of axial temperature profiles, calculated with RELAP5 and SCDAP/RELAP5
(fig. 5-5), shows that the results are nearly the same as long as oxidation is negligible.
SCDAP/RELAPS5 results are higher later into the transient. The difference reflects the differ-
ent oxidation models in RELAPS and SCDAP/RELAPS. The high maximum temperature at
1800 s, calculated with SCDAP/RELAPS, is probably mainly due to a change of the oxidation
model at 1853 K to the correlation of Urbanic and Heidrick in SCDAP/RELAPS5 [3]. This dem-
onstrates the complexity of oxidation.

The results of the calculations suggest that the oxidation model in RELAP5 has a severe
error. It is not correlated directly with temperature.
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fig. 5-2 Calculated (R5) temperatures for case B

The figure shows at top to bottom outer surface temperatures at all axial levels in the bundle
for the unheated central rod and the inner heated rods, respectively, and details in the central
part.

32



Calculations for Alternate Bundle with RELAP5

Tdot cld4 (K/s) Tdot cld3 (K/s) Tdot cld2 (K/s) Tdot cld1 (K/s)

Tdot sh (K/s)

-2
1800
Tue Jun 22 09:29:36 2010

L
(>-(-0.25m
[}-11-0.15m
>-<>-0.05m
A=A 0.05m
<+—<]0.15m
A/ 0.25m
> 0.35m
-1 0.45m
H—>0.55m
—k 0.65m

(5>—) 0.75m
[+-10.85m
>—<> 0.95m
A=A 1.05m

W

<<i-<11.15m
-5/ 1.25m

T [T

Fijare

Y I e
T T Y
F3

N PR L2

I S S S AU S R A S S A S S S S ST S A S A SR

T N T T T O T N T B 1

I S S S S NI S S U S S S A A S S S S S SR SRS S S S S S S A AT S S

il

LN B B e S S S S S B B B B B B S B B B B B B B B B B B B B B B B B B B S B B B B B

TTT

L

N ' ' ' ' ' ' ' ' ' ' ' ' ' H
T T T T T T T T T WO T T T T T SN T T T Y T T T T WO S T T T TN YWY TN SO T T T S T YT O T T T O A1

¢
¢
IR 1]
¢
¢

1820 1840 1860 1880

Time (s)

fig. 5-3 Calculated (R5) temperature derivatives for case B
The figure shows the derivatives of the rod and shroud temperatures, shown in fig. 5-2.
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fig. 5-4 Axial profiles for cases A and B with R5
The figure shows axial temperature profiles of the unheated and heated rods, and the shroud
at various times.
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fig. 5-5 Axial profiles for case B with S/R5 and R5
The figure shows axial temperature profiles of the unheated and heated rods, and the shroud
at various times.
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6 Calculations for Alternate Bundle with TRACE

The two cases for RELAPS calculations have been transformed into TRACE input decks with
SNAP, version 1.2.0 [7] so that the same geometrical and physical configuration is consid-
ered. Some changes of the new input deck had to be done manually because of error mes-
sages during program execution. They concern control variables, used for printout in RE-
LAPS5, variable ielv for definition of axial discretization, and activation of the oxidation model.
In addition, the axial electrical power profile is interpreted wrongly in two ways. Firstly, the
total electrical power, as given in a table, is used to 100 % for the rods and not to 72 % as in
RELAPS5, and secondly, the total power, given in the table for the whole bundle, is applied for
the inner heated rods and the same total power is applied for the outer heated rods. Some
other changes were added to tighten the input deck, e.g. to replace the two components
‘BREAK” and “PUMP” by a single “FILL". During the work, it was found that plot information
is inferior to RELAPS5 possibilities.

Case A (without oxidation) gives similar temperature results for the upper end of the heated
zone as with RELAPS5 (fig. 6-1). Temperatures of the heated rods at the upper end of the
heated zone are calculated to be somewhat lower with TRACE than with RELAPS5, but the
difference is rather small at the end of the transient. The derivative of temperature with re-
spect to time shows that temperature is smooth as it should be.

Axial profiles (fig. 6-2) show that in TRACE and RELAPS different temperature profiles are
calculated. The difference is larger at lower axial positions, its maximum being at the lower
end of the heated zone. In contrast, temperatures of unheated rods and of the shroud are
higher in TRACE than in RELAPS5, the maximum difference being around the centre of the
heated length. Similar large differences occur at the lower end of the lower electrode zone.
The reason for these differences could not be identified; it might at least partly have to do
with a different modelling of the radial distribution of the heat source in the two codes. In RE-
LAPS5, the radial distribution for power release is restricted to the tungsten heater for the cal-
culations in this report, whereas in TRACE, power released is smeared in the radial direction
in the rods.

For case B (with oxidation), the run ends normally, but larger differences occur with respect
to RELAP5 and SCDAP/RELAPS5 calculations. Temperature rise is far less in TRACE: maxi-
mum rod temperature at the end of the calculation is only 1739 K (fig. 6-3). In case A, tem-
peratures are higher than in case B at all axial levels, for heated and unheated rods and for
the shroud (fig. 6-4) and even as early as at 1200 s. This is in contrast to RELAPS5 results
(see fig. 5-4). This finding suggests that release of chemical power due to oxidation is not
treated correctly in TRACE. The higher temperatures in case A would then be attributed to
the different electrical power release in both cases; it is higher in case A already at 1200 s
(fig. 6-3).

To get some more insight, case B was modified insofar that the same power history was ap-
plied as in case A, the case without oxidation, and this new case is called case C. Tempera-
ture at the upper end of the heated zone is now generally higher in case C (fig. 6-5) and cal-
culated hydrogen production is higher. As it is expected, differences between cases A and C
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occur mainly near the upper end of the heated zone (see the axial temperature profiles fig.
6-6), because it is only there that oxidation plays a role. In early times of the transient, the
temperature at the upper end of the heated zone is the same as without oxidation, because
oxidation is not yet calculated or because oxidation is still negligible. Afterwards, the tem-
perature increase is far less: temperature at the upper end of the heated zone and hence
maximum rod temperature is only about 170 K higher at the end of the calculation than with-
out oxidation and hence far less than expected from RELAPS5 and SCDAP/RELAP5 experi-
ence. This is clearly demonstrated in fig. 6-7 and fig. 6-8, where temperatures of heated rods
in TRACE are always significantly below RELAPS results.

A closer look to the results shows that oxidation starts at different temperatures and hence at
different times in SCDAP/RELAP5 and TRACE: 3 g hydrogen are calculated to be released
in RELAP5 and SCDAP/RELAPS5, before oxidation is assumed to start in TRACE, but this
difference cannot explain the large discrepancies at later times. It further shows that in the
TRACE calculations with and without oxidation, temperatures are the same until the peak in
the derivative of temperature with respect to time occurs at 1335 s (fig. 6-5). At other axial
levels, rod and shroud temperatures are the same for a longer time. The peak indicates a
steep temperature increase, but it is by far smaller than in the RELAPS5 calculations.

A comparison of fig. 6-1, fig. 6-3, and fig. 6-5 shows that the mass error does not differ much,
irrespective of whether the oxidation model is activated or not. It also shows that the TRACE
mass error changes is less than that in RELAPS and that RELAP5 mass error is about the
same as in SCDAP/RELAPS as far as no code problem occurs.

To tackle further the problems of the oxidation model in TRACE, the difference between cen-
tre line rod and clad outer surface temperature for heated rods was calculated at the top, the
centre, and the bottom of the heated zone. For comparison, this was done for RELAP5 and
SCDAP/RELAPS5 for the case with oxidation and for all three cases, calculated with TRACE.
RELAP5 and SCDAP/RELAPS results are similar except at the top of the heated zone at the
end of the transient. In any case, the centre line is colder than the clad surface. In contrast,
the centre line temperature is calculated with TRACE to be higher, and the absolute values
of the temperature differences are approximately the same only in the centre of the heated
zone. It is possible that this different behaviour has to do with a different modelling of the
radial distribution of the heat source as it was suggested [14], but the overall result suggests
that the problem is somewhat more difficult.
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The figure shows from top to bottom electrical power history, temperature of the inner heated
rods at the upper end of the heated zone, related time derivatives, and mass errors.
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fig. 6-2 Axial profiles for case A with TRACE and R5
The figure shows axial temperature profiles of the central rod, the inner heated rods, and the
shroud at various times.
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fig. 6-3 Comparison of case B with TRACE, R5, and S/R5

The figure shows from top to bottom electrical power history for the cases with and without
oxidation, surface temperatures of the inner heated rods at the upper end of the heated
zone, related time derivatives, cumulated hydrogen mass and mass errors.
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fig. 6-4 Axial profiles for cases A and B with TRACE

The figure shows axial temperature profiles of the central rod, the inner heated rods, and the

shroud at various times.
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fig. 6-5 Comparison of case C with TRACE, R5, and S/R5

The figure shows from top to bottom electrical power history for the cases with and without
oxidation, surface temperatures of the inner heated rods at the upper end of the heated
zone, related time derivatives, cumulated hydrogen mass and mass errors.
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fig. 6-6 Axial profiles for cases A and C with TRACE
The figure shows axial temperature profiles of the central rod, the inner heated rods, and the
shroud at various times.
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fig. 6-7 Axial profiles for case B with TRACE and R5
The figure shows axial temperature profiles of the central rod, the inner heated rods, and the
shroud at various times.
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fig. 6-8 Axial profiles for case C with TRACE and R5
The figure shows axial temperature profiles of the central rod, the inner heated rods, and the
shroud at various times.
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fig. 6-9 Radial rod temperature differences at various axial levels

The graph shows the difference between centre line and outer clad surface temperatures for
heated rods for SCDAP/RELAPS and RELAP5 with oxidation and for the three cases for
TRACE.
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7 Conclusions

To assess the code capabilities of RELAPS and TRACE for delayed reflood situations, the
conditions before reflood initiation were considered as a first step. The steam cool-down test
QUENCH-04, performed at the former Forschungszentrum Karlsruhe, now part of the Karls-
ruhe Institute of Technology (KIT), and related post-test calculations with SCDAP/RELAP5S
proved to be an appropriate basis. The experimental basis guarantees that the chosen com-
putational case is prototypical for reflood scenarios. Though the post-test calculations might
be improved, the deviations from experimental results are no serious problem in the context
of the present investigations. In this way, the work could be done as a combination of a code-
to-code comparison and a comparison of calculated with experimental results. The strategy
to use SCDAP/RELAPS, RELAPS, and TRACE in that sequence proved to be useful, taking
the existing input deck for SCDAP/RELAPS as a basis.

Application of SCDAP/RELAPS for QUENCH-04 demonstrated that for the chosen scenario
sensible oxidation effects are restricted to the hot zone, but that they cannot be neglected
above about 1200 K, i.e. in a temperature region, where RELAPS and TRACE can still be
used. This result shows the importance of an appropriate oxidation model in such codes.

The RELAP5 oxidation model cannot be activated for the shroud. For application to
QUENCH-04, this shortcoming of the code has the consequence that as much as 25 % of
the total oxidizing surface is not considered in the calculations. In addition, the application of
RELAPS to QUENCH-04 revealed a severe error during program execution, leading to an
abnormal end of the calculation.

Simplifications and modifications of the original input deck for the QUENCH test led to the
consideration of an artificial alternate bundle for further calculations. When the oxidation
mode is deactivated, nearly the same temperatures are calculated with RELAPS and
SCDAP/RELAPS. It could also be demonstrated that the abnormal end of the RELAPS5 calcu-
lations for QUENCH-04 is related to the oxidation model or its implementation in the code,
but that it is not correlated directly with temperature.

Calculations with TRACE showed far smaller temperature increases than expected, when
the oxidation model is activated, suggesting that the release of chemical power is not calcu-
lated correctly. During the conversion of the RELAP5 input deck for TRACE with SNAP,
shortcomings of this conversion tool were detected that should be removed.

In sum, both codes RELAPS5 and TRACE show severe, but different problems concerning
oxidation, when they are applied to the heat-up phase of a prototypical reflood scenario.
Since the related effects cannot be neglected at higher temperatures, these code errors
should be corrected. If this work cannot be done, the use should be restricted to tempera-
tures, where oxidation is negligible. In addition, some plot capabilities of both RELAP5 and
TRACE are inferior to those of SCDAP/RELAP5 and should be adapted from that code.

A complete comparison of the various codes has also to consider the reflood phase itself, but
this can only be done, when the code errors, addressed above, are removed. In test
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QUENCH-11 [15], the whole accident sequence from boil-off to reflood was simulated. In
pre-test QUENCH-11v3, this test sequence was applied, but maximum heat-up temperature
was restricted to about 1350 K. Since data acquisition of the pre-test comprises all variables
that are considered in the main test and since the whole test is within the application range of
RELAP5 and TRACE, especially concerning the maximum temperature, this pre-test is an
excellent basis for such investigations.
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Annex A Oxidation Models

In all three codes, SCDAP/RELAP5, RELAPS, and TRACE models for oxidation of Zry are
available, but in different ways. As a common feature, parabolic rate equations are consid-
ered for oxidation.

In SCDAP/RELAPS, this is done for the weight gain as well as for the thickness of the oxide
layer and the a-Zr(O) layer. Oxidation starts at 923 K. The change of oxidation kinetics at
about 1850 K is considered by changing the rate constants according to open literature. The
hydrogen production rate is calculated directly from the weight gain; chemical heat genera-
tion is calculated directly from the hydrogen production rate. The hydrogen release is consid-
ered as non-condensable in the basic fluid equations; the amount of consumed steam is also
considered.

When steam supply is insufficient, oxidation is limited on the basis of an analogy for mass
and heat transfer. Oxidation is terminated, when the Zry material is entirely converted into
ZrO,. For ruptured claddings, oxidation of the inner clad surface is assumed to occur with the
same rate as for the outer clad surface. Special cases like the oxidation of Zry on debris are
considered separately.

In RELAPS, the parabolic rate equation is solved for the oxide layer thickness. This value is
used to derive the cumulated hydrogen mass. The released chemical power is calculated
from the increase of oxide layer thickness. Oxidation of the inner surface of ruptured clad-
dings is taken into account. Oxidation is terminated, when the whole amount of available Zry
is consumed. Thermal-physical properties of the cladding are not changed; neither hydrogen
release nor steam consumption is considered in the basic fluid equations.

In TRACE, the parabolic rate equation is applied to oxygen consumption, if the rod tempera-
ture exceeds 1273 K. The result is converted to the thickness an effective ZrO, layer, using
an approximation of the respective densities. The release of chemical heat is computed from
the increase of oxide layer thickness.
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