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ABSTRACT

In this report, the capabilities of RELAP5, SCDAP/RELAP5, and TRACE to describe oxidation of
fuel elements by steam and related hydrogen production are assessed. This work is performed
on the background of out-of-pile experiments on the reflood of overheated fuel rod simulators in
the QUENCH facility and related numerical investigations at the Karlsruhe Institute of Technolo-
gy. It is found that oxidation effects play a role even below 1500 K, i.e. for a temperature range
that is covered by all of these three codes. The present work relies on the detailed representa-
tion of the experimental facility as used for many years for pre- and post-test calculations for the
various QUENCH tests with SCDAP/RELAP5. The experimental basis is test QUENCH-04 that
consisted mainly of a heat-up and a steam cool-down phase as a relatively simple case, but the
present work is also a code to code comparison. As a first step, investigations were concen-
trated on transients before the reflood phase. Code or modeling errors were identified in both
RELAP5 and TRACE that impede reliable predictions for such situations.
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FOREWORD

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 consequen-
ces of such abnormal situations. If core temperatures at the start of reflood are already ele-
vated, oxidation of cladding material and related release of hydrogen cannot be neglected. For
such situations and for temperatures up to about 1500 K, the capabilities of RELAP5 and
TRACE are assessed as part of the contribution of the Karlsruhe Institute of Technology (KIT),
formerly Forschungszentrum Karlsruhe (FZK), to the international CAMP (Code Application and
Maintenance Program) of the US NRC. In a first step, investigations were concentrated on tran-
sients before the reflood phase. During the work, it turned out that emphasis should be put on
oxidation effects.
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EXECUTIVE SUMMARY

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 conse-
quences of such abnormal situations. If core temperatures at the start of reflood are already
elevated, oxidation of cladding material and related release of hydrogen cannot be neglected.
For such situations and for temperatures up to about 1500 K, the capabilities of RELAP5 and
TRACE are assessed as part of the contribution of the Karlsruhe Institute of Technology (KIT),
formerly Forschungszentrum Karlsruhe (FZK), to the international CAMP (Code Application and
Maintenance Program) of the US NRC. In a first step, investigations were concentrated on tran-
sients 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 series 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 RE-
LAP5 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/RELAP5. The
post-test calculations with RELAP5 show an unphysical sudden temperature increase of about
50 K during the heat-up phase, leading to subsequent code failure. This is in contrast to respec-
tive calculations with SCDAP/RELAP5.

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 calculated
with RELAP5, if and only if the oxidation model is activated, whereas no problem exists for
SCDAP/RELAP5.

This modified input deck was transformed with SNAP for TRACE calculations to test this follow-
up program of RELAP5. The error of RELAP5 calculations did not occur with TRACE, but oxida-
tion heat release is severely underestimated in TRACE, leading to unrealistic results. Some
other shortcomings of RELAP5, TRACE, and SNAP are also identified.

It is emphasized that the purpose of the present report is to assess the capabilities of RELAP5
and TRACE and not mainly to present post-test calculations of a given experiment. Among oth-
er reasons, the test QUENCH-04 is chosen as an experimental basis to be sure that the chosen
scenario is reasonable with respect to reactor safety considerations. Though the agreement be-
tween the SCDAP/RELAP5 calculations might be improved, the computational results may well
serve as a basis for the present investigations. The outcome of the assessment does not de-
pend on the imperfections mentioned above.

For the various codes and cases, CPU time was below three minutes for about 2000 s of prob-
lem time.
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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 sufficiently
large leak occurs and the water, collected in the reactor sump, cannot be used for cooling. Ref-
lood 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 cladding material is
oxidized, and hydrogen is released. Since oxidation is an exothermic reaction, temperature in-
creases locally. At higher temperatures, these effects cannot be neglected, and this does not
only concern design extension, but also design basis conditions.

Computational work for design basis conditions can be done with the US NRC codes RELAP5
[1] and, as a more recent development, TRACE [2], whereas SCDAP/RELAP5 [3] should be
used for beyond design basis conditions, because this code also considers material behavior
that plays an important role in such situations. All three codes include models for the oxidation
of Zircaloy, in the RELAP5 and TRACE manuals called metal-water reaction. The models de-
scribe the effects at different levels and with different sophistication, see Appendix A. Though
many applications of RELAP5 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 in-
tended, i.e. to about 1500 K. Such applications may also be interesting, when new cladding ma-
terials are considered.

For this reason, it is the aim of the present work to assess the capabilities of RELAP5 and
TRACE for such situations. In a first step, work concentrates on the heat-up phase before ref-
lood 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 institute's research focus and the authors' experience about delayed flooding
of nuclear reactors, 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 hy-
drogen generation of an overheated core during water reflood and steam cool-down. In particu-
lar, physico-chemical behavior of overheated fuel elements, material interactions at high tem-
peratures, i.e. for design extension conditions are investigated, and a database for model de-
velopment and code validation is created. On the experimental side, the program consists of
separate effects tests and bundle tests. The experimental program now also includes LOCA
(Loss of Coolant Accident) conditions with new cladding materials.

For many years, the authors were involved in that program with computational and other analyt-
ical work for the bundle tests, starting with the authors' support to construct the related
QUENCH facility [04] and continuing with pre- and post-test analysis of many tests. For the cal-
culations on QUENCH tests, mostly the in-house version of SCDAP/RELAP5 mod 3.2 was
used, containing models for special features of the QUENCH facility [5]; code version mod 3.3
was seen to be inoperable for the QUENCH tests.

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
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the 15 bundle tests, run up to now. Related SCDAP/RELAP5 calculations were done with the in-
house version [5] of SCDAP/RELAP5 mod 3.2hx shortly after the test. Further changes of the
input deck to improve the agreement with experimental data, based on present knowledge of
the test facility and the tests, might be possible but could not be done for time reasons. In addi-
tion, the deviation between measured and calculated results does not play a critical role in this
report: the aim of the present report is to assess the capabilities of RELAP5 and TRACE. This is
partly done on an experimental basis, partly as a code to code comparison. In any case, the ex-
periment serves as a guideline that demonstrates that the scenario is by far not a mere academ-
ic problem.

In a second step, an input deck for RELAP5 mod 3.3gl was developed out of the SCDAP/RE-
LAP5 input deck and tested. Though the US NRC does not support code development for RE-
LAP5 any longer, the US NRC provides a continued support, including the correction of errors
as far as possible, and distributes the code to external partners all aver the world. Therefore, an
assessment of its capabilities is still useful. Besides, the RELAP5 input deck could also be used
with SCDAP/RELAP5 for comparison, after some small changes were made. In addition, SNAP
[7] could be used to convert the RELAP5 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.Opl. This work is even more important than the assess-
ment of RELAP5, because TRACE is under current development, and its use is emphasized by
the US NRC.

During the investigations, reported here, it turned out that emphasis should be put on oxidation
effects. In contrast to SCDAP/RELAP5 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 fig-
ures taken from [6] and from similar documentation. More details are documented in [6]. The
QUENCH facility (see Figure 1), consists of the test section as its main part and a number of
external devices (Figure 2). The facility has undergone several modifications during time. The
fast water injection has been installed before the conduct of test QUENCH-06 to accelerate
flooding of the structures below the bundle for water quenching.

The test section consists of a bundle with 21 rods (Figure 3). Their arrangement and their clad-
ding (Zircaloy-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 ZrO2 pellets. They are heated electrically
over a length of 1024 mm; the tungsten heaters are connected to a combination of molybdenum
and copper electrodes at both ends. Electrical power supply is independent for the eight inner
and the twelve outer fuel rod simulators. The four Zircaloy corner rods (rods with a diameter of
6 mm in Figure 3) are intended to reduce the flow cross section in that region to values that are
closer to the normal subchannel size. In this way, they give a flat lateral temperature profile in
the bundle and a flat lateral velocity profile during the reflood phase. In addition, the corner rods
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 posi-
tions by five grid spacers; the lowermost grid spacer is made of Inconel, the others of Zircaloy.
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 detec-
tion (Figure 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 Zircaloy shroud. The shroud material contributes to local heating in
the hot zone due to oxidation at its inner surface and in this way simulates contributions of the
outer parts of a large reactor fuel element and in this way leads to a flatter radial temperature
profile in the bundle than with a non-oxidizing shroud material. The bundle and the shroud are
insulated by ZrO 2 fiber material in the lower electrode zone and in the heated zone, filling the
annulus between shroud and the inner cooling jacket. In the upper electrode zone, there is no
insulation to avoid too high temperatures that might damage the electrode 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 enclosed 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 (see list of abbreviations) are TCs on the outer clad surface of fuel
rod simulators, and in the centerline of corner rods, respectively. TCRC refers to the central rod
centerline, TCRI to the central rod cladding inner surface, and TCR to the central rod cladding
outer surface. TCs of type TSH are mounted on the outer shroud surface; TCI 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, the designation for TFS is given as i/j, where I refers to the
radial position with i=1 for the central rod, i=2 and i=3 for the inner and i=4 and i=5 for the outer
heated rods; j indicates the axial level according to Figure 4. More details are given in [6]. At
high temperature, it may happen that a TFS or TSH looses its contact 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. In the figures of this report, such TCs are not
shown after they became unreliable.

The total electrical power P,1 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 electrical pow-
er Pe,. In recent QUENCH tests, the electrical resistance of the sliding contacts has been de-
rived 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 resistances 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 system "Caldos
7 G", based on measuring thermal conductivity of the fluid, and a mass spectrometer "Prisma",
simpler than "GAM 300", 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, al-
ways a residual pressure drop. Since the system pressure is not kept constant at that level dur-
ing the whole test in one or another way, the original set-up may give unsatisfactory results, es-
pecially 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 Figure 5). At the end of the stabilization period, 121 s after
starting data acquisition, the electrical power was increased nearly linearly to a maximum of
16.2 kW so that the bundle was ramped at 0.31 W/s per rod. It resulted in an average tempera-
ture increase of about 0.35 K/s between 900 K and 1400 K and of 1.0 K/s between 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 accumulated 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 un-
changed. For cooling the test bundle, steam was injected at the bottom 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 expe-
riment.

Start of quenchin
(2065 s)

(level 13)

T 1780K(2012s)_- j7_Q0__K

SStart data acquisition

50 gis steam (saturated)

3 g/s steam (superheated)
3 gis Ar. . . . . . , , •

--- 242 .

16.2 kW

4.3 kW 4 kW

Figure 5 Important test parameters of QUENCH-04
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/RELAP5

Within KIT/INR R&D activities, calculations have been made to define experimental parameters
of the QUENCH experiments up to and including QUENCH-1 1 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 code version contains an improved model
for heat transfer in the transition-boiling region [9], an adaptation of the SCDAP model for electr-
ically heated fuel rod simulators to the conditions of the QUENCH facility, and the material
property data for ZrO 2 instead of those for U0 2 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 modeling of the facili-
ty and test QUENCH-04, and the agreement between experimental and calculated results would
probably be improved. However, an improvement of earlier post-test calculations 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 prototypical example of core heat-up
after dry-out and subsequent steam cool-down. In this section, the test is also used to demon-
strate the various processes during the test.

3.1 Modeling of the QUENCH Facility
The nodalization scheme of the QUENCH facility is shown in Figure 6. 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 modeled,
because the only reliable boundary condition to calculate the radial heat losses out of the bun-
dle is the ambient room temperature. This concept is mandatory for all work performed before
experimental data are available, and it is desirable for all post-test analyses, because the calcu-
lated data are more detailed than the experimental ones.

At the time, when calculations for QUENCH-04 were made at INR, the number of axial meshes
in SCDAP/RELAP5 was restricted to 16. Axially, the heated part is therefore modeled 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 Zircaloy
corner rods are modeled as SCDAP fuel rod components and the two rows of rods to be heated
independently 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
modeled as SCDAP shroud components, the shroud, the ZrO 2 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.
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Figure 6 Nodalization of the QUENCH facility for calculations with SCDAP/RELAP5

The ZrO2 fiber insulation is modeled by code changes to end at the upper end of the heated
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zone [5], as it corresponds to the experimental conditions. With this exception, all structures
must be modeled to have the same length because of limitations in the code. Therefore, the up-
per and lower head cannot be modeled in all details. In early stages of INR computational sup-
port, it was judged that the correct modeling of geometry of the shroud and the shroud insula-
tion is predominant. This has a drawback on modeling of electrical power input, as will be out-
lined later.

Due to modeling restrictions in SCDAP/RELAP5, 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 cool-
ing jacket, this assumption is not justified. Therefore, its volume is about 40 % larger 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 insulation material, both
its specific heat capacity and the thermal conductivity have been increased by 40 % to compen-
sate for this geometry effect. This treatment is, however, only an approximation, because aver-
age values for the whole domain are considered, and for a better representation, the use of cy-
lindrical 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 2 fiber insulation was ad-
justed during the post-test calculations for QUENCH-01, and this adjustment has not been
changed since, though there is meanwhile information that this modeling 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 measure-
ment, is accounted for by a constant electrical resistance outside the bundle [5]. In the calcula-
tions, the same value of 4.2 mO 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 contain-
ment and the laboratory, are represented by a single channel each. The gas atmospheres out-
side 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 modeled 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 modeled
to be one-dimensional, the structures are modeled 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 temperature
T 511 in the inlet pipe, but firstly, this is a local value, not representative for the bulk tempera-
ture 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 modeling are discussed in [10].
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3.2 Results
Measured and calculated results are given in Figure 7. To give an overview of test QUENCH-
04, several graphs are combined in this and in the following figures. The two curves for electric-
al power (top of the figure) in this and subsequent figures refer to power, released in the bundle,
and total electrical power Pei, measured in the facility (see sections 2.2 and 3.1 for the differ-
ence 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 investigation. The figure also shows that the released chemical
power cannot be neglected with respect to the electrical power input later in the test.

Designations cld2_xx and cld3_xx for the measured temperatures in Figure 7 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 center of the bundle. They are overestimated at the bottom of the heated
length and underestimated at the top of the heated length. These two deviations are related with
one another, because the total electrical power input is specified and the local contributions of
electrical power release must sum up to the total value. The difference increases with time be-
cause of increasing oxidation of Zircaloy claddings and shroud.

These deviations demonstrate a crucial drawback of electrical bundle heating: the electrical re-
sistance of metal heaters increases with temperature. This effect results in an increase of local
release of electrical power. Oxidation of the Zircaloy cladding and shroud is exothermic and in-
creases significantly with temperature (top of Figure 7). 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, Figure 7 shows that even for temperatures below 1500 K, chemical power release
and hence oxidation effects cannot be neglected. This result emphasizes the relevance of the
present investigation. Since the effects are underestimated with SCDAP/RELAP5, they are even
larger in the test, hence in reality.

Because of underestimated bundle temperatures in the hot zone and the positive feedback, hy-
drogen production becomes more and more underestimated (Figure 8). The figure also shows
that temperatures at the uppermost two axial levels and hence oxide scales are calculated to be
nearly the same.

Axial temperature profiles are rather flat in the nearly unheated electrode zones (Figure 9). The
decrease in the upper electrode zone is due to the large radial heat losses, because bundle in-
sulation 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 respective
calculations in the construction phase of the facility show [4]. At 0.55 m, the measured bundle
and shroud temperatures are somewhat lower than might be expected. This is probably due to a
spacer grid at that elevation: local redistribution of the fluid near the spacer grid causes en-
hanced cooling. The fluid outlet temperature is only given as a rough estimate. Since the re-
spective TC was situated outside the bundle cross section, its reading was influenced by the
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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/RELAP5. The figure also
gives an impression of the radial temperature profile in the bundle. In addition, it shows the effi-
ciency of argon- and water-cooling outside of the bundle. In spite of the relatively low tempera-
ture, radiation between the outer cooling jacket and the containment cannot be neglected, as
can be demonstrated with appropriate calculations.

The comparison with measured data shows that 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 underestimated. One reason for the deviation is the large axi-
al mesh length that has been reduced 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 Figure 9 for t = 2063 s.

Axial profiles at the time when a corner rod was withdrawn from the bundle are shown in Figure
10. 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. Since the calculated temperatures in the hot zone are nearly always
below the measured ones and since formation of the oxide scale is a cumulative effect that in-
creases with temperature, the oxide scale in the hot zone is clearly underestimated. In contrast
to the high temperature region, oxidation is overestimated in the colder parts of the bundle.
Therefore, the measured profile of oxide scale is narrower than the calculated one. Oxidation
modeling might be improved in principle for such situations, but in severe accident sequences,
as addressed in codes like SCDAP/RELAP5, contributions 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 (Figure 11). 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 positive
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, because 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 Figure 10. The different axial profiles of electrical and chemical
power release should also be kept in mind, when global values for power release are inter-
preted as in the top of Figure 7.

The ratio of local chemical to electrical power release clearly demonstrates the role of oxidation.
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 RELAP5 and
TRACE is justified.
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Figure 7 Selected measured and calculated (SIR5) results for QUENCH-04 (I)
The figure shows from top to bottom calculated and measured history of electrical and chemi-
cal power and of rod surface temperatures at the top (0.95 m), the center (0.55 m), and the bot-
tom (0.05 m) of the heated length (axial levels 13, 9, and 4, respectively).
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Figure 8 Selected measured and calculated (SIR5) results for QUENCH-04 (11)

The figure shows from top to bottom electrical and chemical power history, calculated surface

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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Figure 9 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 colors for measured (symbols) and calculated (lines) data for the various components is giv-
en in the top legend, the azimuthal position of shroud and cooling jacket TCs in the bottom le-
gend.
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Figure 10 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 tempera-
tures and oxide scales and calculated hydrogen generation rate at the time, when the corner
rod was withdrawn.
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Figure 11 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 vari-
ous times.
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4 CALCULATIONS FOR QUENCH-04 WITH RELAP5
It is emphasized that the purpose of the present report is to assess the capabilities of RELAP5
and TRACE and not mainly to present excellent post-test calculations of a given experiment.
The test QUENCH-04 is chosen as an experimental basis to be sure that the chosen scenario is
reasonable with respect to reactor safety considerations. Though the agreement between the
SCDAP/RELAP5 calculations might be improved, the computational results may well serve as a
basis for the present investigations. It will be seen that the outcome of the assessment does not
depend on the imperfections mentioned above and, furthermore, that a detailed comparison
with the SCDAP/RELAP5 calculations should be postponed.

4.1 Modeling of the QUENCH Facility
As far as possible, the SCDAP/RELAP5 modeling has been used for the calculations with RE-
LAP5. However, the SCDAP components for fuel rods, simulators, and shroud have to be re-
placed by heat structures so that heat conduction can only be considered one-dimensionally
instead of two-dimensionally. This is a code limitation for all electrically heated experiments, be-
cause the thermal conductivity of the metallic heater elements is by far larger than that of U0 2
so that axial heat conduction cannot be neglected. In addition, the advantage of the detailed
electrical heater model [5] is missing in RELAP5. The space between the shroud and the inner
cooling jacket in the upper electrode zone, i.e. the region without ZrO 2 insulation, is modeled 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/RELAP5 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/RELAP5 results for QUENCH-04 have been
used, see Figure 12. Normalized linear rod power shows that the axial profile becomes steeper
with time beyond increase of maximum value' with time. This issue has been described in sec-
tion 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/RELAP5 would be preferable. This approximation is not valid, when a temperature es-
calation, as it occurs in QUENCH-04 at about 2000 s, has to be taken into account. In the calcu-
lations, electrical power input is set such that 72 % of the total electrical power is released in the
bundle as for the SCDAP/RELAP5 calculations.

View factors have also been derived from calculations with SCDAP/RELAP5. Oxidation can only
be considered for rods, not for the shroud. This code deficiency has a significant drawback 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 surface. It makes
comparison with experimental data impossible and comparison with SCDAP/RELAP5 results
more difficult.
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Figure 12 Calculated axial profiles about local electrical power release in QUENCH-04
The figure shows from top to bottom calculated (SIR5) results for the surface temperatures of
inner heated rods, real and normalized linear electrical rod power for various times.
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4.2 Results
Plot information is scarcer than for SCDAP/RELAP5 calculations. Therefore, most important
time dependent results are collected in a single figure, Figure 13, for comparison with experi-
mental data. Temperatures are higher than for SCDAP/RELAP5. This difference is compatible
with the lack of axial conduction in RELAP5 heat transfer model. Up to 1560 s, agreement of
calculated temperatures with experimental values is quite good, taking in mind the approxima-
tions with respect to SCDAP/RELAP5. The calculated and measured radial profiles 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 calculated for the outer heated
rods at 1575 s and for the unheated central rod at 1590 s. Figure 14 shows that other axial le-
vels are not involved. This can be seen even more clearly in Figure 15, 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 overesti-
mated after the temperature step.
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Figure 13 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 center, and the bottom of the heated length (axi-
al levels 13, 9, and 4, respectively) and cumulated hydrogen mass.
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Figure 14 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 bun-
dle components.
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Figure 15 Calculated (R5) temperature derivatives for QUENCH-04
The figure shows the derivatives of the rod and shroud temperatures, shown in Figure 14.
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5 CALCULATIONS FOR ALTERNATE BUNDLE WITH RELAP5

5.1 Modeling of the Alternate Bundle
Since the sharp temperature step at 1560 s and the subsequent overesti-
mated temperature increase are not acceptable, this error 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; 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 (Figure 16); the

lower plenum, argon and water inlet, the components outside the shroud and
the off-gas pipe are not modeled (Figure 6).

In detail, the bundle is modified to some aspects with respect to the experi-
mental 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 modeled 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
modeled to be in an adiabatic Zircaloy 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 struc-

_ tures are modified because of the above changes. Their axial profiles are the
same for all rods and the shroud. Because of the modifications, calculated
temperatures in the inner and outer heated rods and of the central and the
corner rods, respectively, are the same.

Two calculations are done for the alternate bundle up to the start of the
Figure 16 steam cool-down phase, one without and one with rod oxidation, cases A
Nodalization of and B, respectively. As mentioned in section 4.1, the oxidation model can
alternate bundle only be activated for rods but not for the shroud. In calculations for the alter-
with RELAP5 nate bundle with SCDAP/RELAP5, 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 various calculations, including those with TRACE, are listed in Table 1. The different
computers, used for the various calculations, reflect that the work has been performed over a
longer time period and that the available resources were used for simplicity instead of imple-
menting all codes on the same platform. The cpu times show that the chosen input model give
fast results. The differences in computing times on the various computers also demonstrates
that the computer architectures has a marked influence on the code performance.

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 hydro-
gen production are similar to those of the original QUENCH bundle in the temperature range of
interest for RELAP5. 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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Table 1 List of cases, calculated with the various codes

Code case ox Pmax tend cpu time computer
(kW) (s) (s)

SCDAP/ A - 40 2063.0 28.92 IBM pSeries Power 4, 1,5 GHz
RELAP5 B + 15 1842.4 26.58

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 + 15 2063.0 97.69

C + 40 2063.0 96.09

case A without oxidation model
case B with oxidation model
case C with oxidation model, power history as in case A
ox oxidation model on/off (redundant information for better readability)
Pmax maximum total electrical power
tend maximum problem time

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

This modeling of electrical power history in the two cases can only be approximated, 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 bun-
dle, see central part of Figure 11. Therefore, changes of the electrical power also affect the low-
er 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.
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5.2 Results
When the oxidation model is deactivated (case A), temperatures differ somewhat with respect to
the related SCDAP/RELAP5 calculation. These differences increase with time, but they are al-
ways below 15 K. This is an indication that there may be small differences 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 abnor-
mally 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 (Figure 17).
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 (Figure 18). 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.

The axial temperature profiles (Figure 19) 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 restricted 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 pow-
er history.

A comparison of axial temperature profiles, calculated with RELAP5 and SCDAP/RELAP5
(Figure 20), shows that the results are nearly the same as long as oxidation is negligible.
SCDAP/RELAP5 results are higher later into the transient. The difference reflects the different
oxidation models in RELAP5 and SCDAP/RELAP5. The high maximum temperature at 1800 s,
calculated with SCDAP/RELAP5, is probably mainly due to a change of the oxidation model at
1853 K from the Cathcart correlation to that of Urbanic and Heidrick [3]. It gives higher oxidation
rates than the various low-temperature correlations [11]. Since RELAP5 and TRACE are not
developed for this temperature range, there is no change of the oxidation model in these two
codes.

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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Figure 17 Calculated (R5) temperatures for case B
At top and bottom, the figure shows outer surface temperatures at all axial levels in the bundle
for the unheated central rod and the inner heated rods, respectively. Details for both rod typs
are given in the central part of the figure.
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Figure 18 Calculated (R5) temperature derivatives for case B
The figure shows the derivatives of the rod and shroud temperatures, shown in Figure 17.
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Figure 19 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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Figure 20 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 RELAP5 calculations have been transformed into TRACE input decks with
SNAP, version 1.2.0 [7] so that the same geometrical and physical configuration is considered.
Some changes of the new input deck had to be done manually because of error messages dur-
ing program execution. They concern control variables, used for printout in RELAP5, 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 RELAP5, 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 RELAP5 possibilities.

Case A (without oxidation) gives similar temperature results for the upper end of the heated
zone as with RELAP5 (Figure 21). Temperatures of the heated rods at the upper end of the
heated zone are calculated to be somewhat lower with TRACE than with RELAP5, but the dif-
ference is rather small at the end of the transient. The derivative of temperature with respect to
time shows that temperature is smooth as it should be.

Axial profiles (Figure 22) show that in TRACE and RELAP5 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 RELAP5, the maximum difference being around the center 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 mod-
eling of the radial distribution of the heat source in the two codes. In RELAP5, the radial distri-
bution for power release is restricted to the tungsten heater for the calculations 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/RELAP5 calculations. Temperature rise is far less in TRACE: maximum
rod temperature at the end of the calculation is only 1739 K (Figure 23). In case A, temperatures
are higher than in case B at all axial levels, for heated and unheated rods and for the shroud
(Figure 24) and even as early as at 1200 s. This is in contrast to RELAP5 results (see Figure
19). This finding suggests that release of chemical power due to oxidation is not treated correct-
ly in TRACE. The higher temperatures in case A would then be attributed to the different elec-
trical power release in both cases; it is higher in case A already at 1200 s (Figure 23).

To get some more insight, case B was modified insofar that the same power history was applied
as in case A, the case without oxidation, and this new case is called case C. Temperature at the
upper end of the heated zone is now generally higher in case C (Figure 25) and calculated hy-
drogen production is higher. As it is expected, differences between cases A and C occur mainly
near the upper end of the heated zone (see the axial temperature profiles Figure 26), 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 cal-
culated or because oxidation is still negligible. Afterwards, the temperature 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 without oxidation and hence far less than
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expected from RELAP5 and SCDAP/RELAP5 experience. This is clearly demonstrated in Fig-
ure 27 and Figure 28, where temperatures of heated rods in TRACE are always significantly be-
low RELAP5 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/RELAP5, before oxidation is assumed to start in TRACE, but this differ-
ence 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 deriva-
tive of temperature with respect to time occurs at 1335 s (Figure 25). At other axial levels, rod
and shroud temperatures are the same for a longer time. The peak indicates a steep tempera-
ture increase, but it is by far smaller than in the RELAP5 calculations.

A comparison of Figure 21, Figure 23, and Figure 25 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 RELAP5 and that RELAP5 mass error is about
the same as in SCDAP/RELAP5 as far as no code problem occurs.

To tackle further the problems of the oxidation model in TRACE, the difference between center-
line rod and clad outer surface temperature for heated rods was calculated at the top, the cen-
ter, and the bottom of the heated zone. For comparison, this was done for RELAP5 and
SCDAP/RELAP5 for the case with oxidation and for all three cases, calculated with TRACE.
RELAP5 and SCDAP/RELAP5 results are similar except at the top of the heated zone at the
end of the transient. In any case, the centerline is colder than the clad surface. In contrast, the
centerline temperature is calculated with TRACE to be higher, and the absolute values of the
temperature differences are approximately the same only in the center of the heated zone. It is
possible that this different behavior has to do with a different modeling 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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Figure 21 Comparison of case A with TRACE, R5, and SIR5
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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Figure 22 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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Figure 23 Comparison of case B with TRACE, R5, and SIR5
The figure shows from top to bottom electrical power history for the cases with and without oxi-
dation, surface temperatures of the inner heated rods at the upper end of the heated zone, re-

lated time derivatives, cumulated hydrogen mass and mass errors.
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Figure 24 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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Figure 25 Comparison of case C with TRACE, R5, and SIR5
The figure shows from top to bottom electrical power history for the cases with and without oxi-
dation, surface temperatures of the inner heated rods at the upper end of the heated zone, re-
lated time derivatives, cumulated hydrogen mass and mass errors.
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Figure 26 Axial profiles for cases A and C with TRACE
The figure shows axial temperature profiles of the central rod, the
shroud at various times.
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Figure 27 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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Figure 29 Radial rod temperature differences at various axial levels
The graph shows the difference between centerline and outer clad surface temperatures for
heated rods for SCDAP/RELAP5 and RELAP5 with oxidation and for the three cases for
TRACE.
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7 CONCLUSIONS
To assess the code capabilities of RELAP5 and TRACE for delayed reflood situations, the con-
ditions 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 Karlsruhe
Institute of Technology (KIT), and related post-test calculations with SCDAP/RELAP5 (SIR5)
proved to be an appropriate basis. The experimental basis guarantees that the chosen compu-
tational 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 SIR5,
RELAP5, and TRACE in that sequence proved to be useful, taking the existing input deck for
SIR5 as a basis.

Application of S/R5 for QUENCH-04 demonstrated that for the chosen scenario sensible oxida-
tion effects are restricted to the hot zone, but that they cannot be neglected above about
1200 K, i.e. in a temperature region, where RELAP5 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 a shroud. This shortcoming has the con-
sequence that as much as 25 % of the total oxidizing surface is not considered in the present
calculations. In addition, the application of RELAP5 to QUENCH-04 revealed a severe error dur-
ing program execution, leading to an abnormal end of the calculation.

Subsequent 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 RELAP5 and SIR5. The
abnormal end of the RELAP5 calculations for QUENCH-04 was seen to be related to the oxida-
tion model or its implementation in the code, but that it is not correlated directly with tempera-
ture.

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 calculated
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 RELAP5 and TRACE show severe, but different problems concerning oxida-
tion, 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 cor-
rected. If this work cannot be done, the use of these codes should be restricted to temperatures,
where oxidation is negligible. In addition, some plot capabilities of both RELAP5 and TRACE
are inferior to those of S/R5 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 QUENCH-
11 [15], the whole accident sequence from boil-off to reflood was simulated. In pre-test
QUENCH-1 1v3, this test sequence was applied, but maximum heat-up temperature was re-
stricted 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
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and TRACE, especially concerning the maximum temperature, this pre-test is an excellent basis
for such investigations.
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APPENDIX A OXIDATION MODELS
In all three codes, SCDAP/RELAP5, RELAP5, and TRACE models for oxidation of Zircaloy are
available, but in different ways. As a common feature, parabolic rate equations are considered
for oxidation.

In SCDAP/RELAP5, 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 generation is calcu-
lated directly from the hydrogen production rate. The hydrogen release is considered 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 Zircaloy material is entirely converted into ZrO2.
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 Zircaloy on debris are con-
sidered separately.

In RELAP5, 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 claddings is
taken into account. Oxidation is terminated, when the whole amount of available Zircaloy is con-
sumed. Thermal-physical properties of the cladding are not changed; neither hydrogen release
nor steam consumption considered in the basic fluid equations.

In TRACE, the parabolic rate equation is applied to oxygen consumption, if the rod temperature
exceeds 1273 K. The result is converted to the thickness an effective ZrO2 layer, using an ap-
proximation of the respective densities. The release of chemical heat is computed from the in-
crease of oxide layer thickness.
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