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ABSTRACT

The MELCOR 1.8.5 code input model and simulation results of the OECD/NEA
international standard problem No. 45 (ISP-45) are presented. ISP-45 was performed as
QUENCH-06 experiment at Forschungszentrum Karlsruhe. The objectives of the QUENCH
program are the analysis of the heat-up, oxidation and delayed reflood phases of a PWR type
fuel rod bundle in the QUENCH facility and investigation of the thermal, mechanical,
physical and chemical behavior of fuel rod claddings under transient cool-down conditions.
The objectives of the OECD/NEA ISP program are the extension of the reflood database to
identify key phenomena occurring during accident management measure procedures and code
validation, i.e., reliability and accuracy of severe accident codes especially during the quench
phase.

The QUENCH test bundle is made up of 21 fuel rod simulators approximately 2.5 m
long. The Zircaloy-4 rod cladding is identical to that used in pressurized water reactors with
respect to material and dimensions. The bundle is heated electrically. The QUENCH-06
experiment had three phases: the pre-oxidation phase, the power transient phase and the
reflood-quench phase.

According to the ISP-45 specification, the MELCOR 1.8.5 simulation includes the
events from the beginning of the pre-oxidation phase until the end of the reflood-quench
phase and shut-off of electric power, steam and cooling water. Calculated results are
discussed with respect to accuracy, plausibility and completeness. Shortcomings and
limitations of the input model are described.

1 INTRODUCTION

An international standard problem (ISP) is defined as a broad comparison between
experimental results and analytical results derived from various computer codes. Especially in
the field of beyond design basis accidents, the reliability of code prediction has to be assessed
for different phases of an accident and, moreover, for processes and phenomena occurring by
operator interactions such as valve and/or emergency core cooling activation. The
OECD/NEA ISP-45 was performed as a quench experiment QUENCH-06 at
Forschungszentrum Karlsruhe on December 13, 2000, and is conducted as a blind standard
problem, i.e. only the experimental initial conditions and boundary conditions are given to the
participants to perform their calculations [1].
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The objectives of the QUENCH program are the analysis of the heat-up, oxidation and
delayed reflood phases of a PWR type fuel rod bundle in the QUENCH facility and
investigation of the thermal, mechanical, physical and chemical behavior of fuel rod claddings
under transient cool-down conditions. The objectives of the OECD/NEA ISP program are the
extension of the reflood database to identify key phenomena occurring during accident
management measure procedures and code validation, i.e., reliability and accuracy of severe
accident codes especially during the quench phase.

In this article the MELCOR 1.8.5 code input model and the simulation results of the
QUENCH-06 experiment are presented.

2 CHARACTERISTICS OF QUENCH-06 EXPERIMENT

On Figure 1 the scheme of the QUENCH facility is presented [1]. In radial direction the
QUENCH fuel rod bundle is composed of an unheated rod at center position, an inner ring of
8 heater rods connected to an electric power supply, an outer ring of 12 heater rods connected
to another electric power supply system, and a set of 4 corner rods at the vacant rod positions.
The 21 fuel rod simulators, approximately 2.5 m long, are filled with a mixture of 95 vol%
argon and 5 vol% krypton at a pressure slightly about fluid pressure in the bundle and
connected to a compensating volume at room temperature.

Figure 1: Scheme of QUENCH test facility [1].

The bundle is enclosed in a shroud which is composed of Zircaloy liner (2.38 mm
thick), ZrO2 fiber insulation (37 mm thick) and inner cooling jacket, made of stainless steel.
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The region between the shroud and the inner cooling jacket, i.e. the ZrO2 fiber insulation and
the region (space) above this insulation are flooded with argon before the test, the pressure
being about 2 bar. The main contribution of the radial heat losses is due to radiation. After
shroud failure steam may enter this region and change the material property data.

During the QUENCH-06 experiment the bundle was heated by a series of stepwise
increases of electrical power from room temperature to ~600°C in an atmosphere of flowing
argon (3 g/s) and steam (3 g/s). The bundle was stabilized at this temperature for about two
hours, the electrical power being about 4 kW. During this time the operation of the various
systems was checked. Shortly before the end of this phase data acquisition was started. At the
end of the stabilization period the bundle was ramped by stepwise increase in power up to
about 11 kW to reach an appropriate temperature for pre-oxidation. This temperature was
maintained for about 1 hr by controlling the electrical power to reach the desired oxide layer
thickness. At the end of the pre-oxidation period the bundle was ramped at 0.3 W/s per rod to
start the transient phase. A corner rod was withdrawn during the transient to check the amount
of oxidation at that time. The quench phase was initiated when the pre-defined criteria were
reached. Within 5 s 4 kg of water were injected to rapidly fill the lower parts of the set-up
(fast water injection system). At the same time the quench pump was started to inject water
from the bottom of the test section at a rate of ~40 g/s. About 20 s later the electrical power
was reduced to 4 kW within 15 s to simulate the decay heat level. Quenching of the test
section was completed within ~250 s. The steam injection and electrical power were then shut
off, terminating the experiment. During the quench phase argon injection was switched to the
upper plenum to continue to provide carrier gas for a quantitative hydrogen detection.

3 CODE AND MODELS USED FOR THE ANALYSIS

The simulation of the QUENCH-06 experiment was performed with the standard
MELCOR 1.8.5 (A) code (QZ version), updated with the Patch 185002 and without any local
changes of the code. All technical details about this version of the code and MELCOR 1.8.5
Manuals, i.e., NUREG/CR-6119, Volume 1, Rev. 2: Primer and Users’ Guide [2] and
NUREG/CR-6119, Volume 2, Rev. 2: Reference Manuals [3], are available on the Internet, at
http://melcor.sandia.gov. This version of the code does not include an explicit model for
quenching of the surfaces by reflooding with water from the bottom. Such a model has been
added to the latest Sandia National Laboratory (SNL) internal Beta Version of the code.

The MELGEN input file is written for the EXEC, NCG, MP, COR, DCH, CVH, FL,
HS, TP, TF and CF Packages. The initial start time of the calculation is 0.0 s and the initial
time step is 0.01 s. Default values of the sensitivity coefficients related to various physical
and/or chemical processes are mostly used, with few exceptions in the COR Package. The
minimum oxidation temperature is changed from 1100.0 K to 900.0 K. The minimum steel
oxide thickness required to hold up molten steel is changed from 0.001 m to 10-6 m. The
temperature to which oxidized fuel rods can stand in the absence of unoxidized Zr in the
cladding is changed from 2500.0 K to 2990.0 K, which is the ZrO2 melting temperature. The
temperature at which fuel rods will fail, regardless of composition of the cladding, is changed
from 3100.0 K to 3695.15 K, which is the tungsten (W) melting temperature, since the
tungsten heaters play a role of “nuclear fuel” in the experiment. Minimum total mass of a
component is changed from 10-6 kg to 10-9 kg and minimum total mass of a component
subject to the maximum temperature change criterion for time step control is changed from
10.0 kg to 10-3 kg. It is expected that these new values of the sensitivity coefficients give
more realistic results than the default values, which are more appropriate for large-scale
simulations of severe accidents in nuclear power plants.

http://melcor.sandia.gov/
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The default values of the physical properties of the non-condensable gases are used in
the NCG Package. In the MP Package input, material property data for ZrO2 fibre – ZYFB-3
are added and material property data for uranium dioxide (UO2) are replaced by material
property data for tungsten. Material property data for ZrO2 fibre insulation are taken from the
specification of the ISP-45 [1], distributed to the participants. Material property data for
tungsten are taken from “ITER Materials Handbook (8/12/97), Pure Tungsten”, available at
http://www-ferp.ucsd.edu/PROPS/ITER/AM01/AM01-0000.html [4].

Descriptions of the MELCOR 1.8.5 thermal-hydraulic conservation equations and heat
transfer can be found in NUREG/CR-6119, Volume 2, Rev. 2: Reference Manuals, in
Thermal Hydraulic (CVH and FL) Packages Reference Manuals, Control Volume
Thermodynamics (CVT) Package Reference Manual and Heat Structure (HS) Package
Reference Manual. The fuel bundle and Zircaloy liner are modeled with the MELCOR Core
(COR) Package. Its models and coupling with the CVH/FL and HS Packages are described in
Core (COR) Package Reference Manual. The updated inlet conditions for reflood are used,
that is fast water injection into the lower plenum at the beginning of the reflood-quench phase.
Electric heating of the fuel bundle is modeled with the MELCOR Decay Heat (DCH)
Package. Particular input models for these packages are described in the next section.

4 MODELLING OF QUENCH FACILITY

The thermal-hydraulic behavior of liquids and gases is modeled with the MELCOR
CVH and FL Packages. Control volumes (26) of the CVH Package input and flow paths (27)
of the FL Package input are depicted in Figure 2. There are five types of control volumes in
the input model:
1. source, i.e., time-independent control volumes CV001-CV003, which are sources of

argon, superheated steam and liquid water;
2. sink, i.e., very large control volume CV026, which collects off-gases and liquids;
3. inlet, i.e., control volumes CV004-CV006, which represent the volumes initially available

to hydrodynamic materials in the inlet pipe, inlet plenum and flow distribution tube;
4. bundle, i.e., control volumes CV007-CV023, which represent the volumes initially

available to hydrodynamic materials within the fuel bundle and shroud, limited in the
radial direction by the inner cooling jacket wall and

5. outlet, i.e., control volumes CV024 and CV025, which represent the volumes initially
available to hydrodynamic materials in the outlet plenum and off-gas pipe.

Axial levels 01-16, where the local results of the simulation are requested [1], are
located in the centers of control volumes CV007-CV022. The initial thermodynamic states of
the control volumes are taken from the initial conditions distributed to the participants of the
ISP-45 or estimated, if the initial condition data are insufficient or unavailable. Tabular
functions (TF Package), derived from the boundary conditions distributed to the participants
of the ISP-45, and control functions (CF Package) are used to calculate mass flow rates and
corresponding velocities of argon, steam and liquid water in the flow paths from the sources
to the inlet volumes. Operation of the valves that open or close the flow paths during the
simulation is regulated by the control functions. Special set of control functions is created to
trigger or signalize various QUENCH-06 experiment phases and related events.

The MELCOR HS Package calculates heat conduction within an intact, solid structure
and energy transfer across its boundary surfaces into control volumes. There are 28 heat
structures in the HS Package input:

http://www-ferp.ucsd.edu/PROPS/ITER/AM01/AM01-0000.html


314.5

Proceedings of the International Conference Nuclear Energy in Central Europe, Portorož, Slovenia, Sept. 10-13, 2001

1. 5 in the inlet control volumes: inlet pipe, inlet plenum wall, lower plenum floor, shroud
connection and flow distribution tube;

2. 19 in the bundle control volumes: inner cooling jacket, ZrO2 fiber insulation divided into
14 heat structures, upper plenum wall divided into 3 heat structures and expansion
compensator and

3. 4 in the outlet control volumes: outlet plenum wall divided into two heat structures, Al2O3
thermal shield and off-gas pipe.

Figure 2: MELCOR control volumes and flow paths of the QUENCH-06
experiment simulation.

Boundary fluid temperatures at the heat structure boundaries are determined by the
bulk fluid temperatures in the neighboring control volumes, if the heat structure is not located
at the outer radial boundary of the COR Package cells. If the heat structure is located at the
outer radial boundary of the COR Package cells, the left boundary fluid temperature is
calculated by the COR Package dT/dz model. Convective boundary conditions and radiation
heat transfers are calculated on all surfaces, which are not insulated or cooled by water or
argon. Temperatures of the cooled surfaces are kept constant, i.e., 300.0 K for water cooling
and 328.4 K for argon cooling, which is estimated as an arithmetic average of the inlet
cooling gas temperature 294.5 K and outlet cooling gas temperature 362.3 K. [1]

The QUENCH fuel rod bundle and Zircaloy shroud are modeled with the Core (COR)
Package. The model of the core for the QUENCH-06 experiment includes 5 radial rings and
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19 axial levels. Al2O3 thermal shield is the upper boundary heat structure for all radial rings.
Stainless steal plate (0.03 m thick) at the bottom of the inlet plenum plays a role of the lower
head. The unheated central rod is located in the first radial ring, 8 inner heated rods are in the
second radial ring and 12 outer heated rods are in the third radial ring. Four unheated corner
rods are located in the fourth radial ring and the Zircaloy shroud is in the fifth radial ring.
Thermocouples and grid spacers are distributed in all radial rings at axial levels, where they
are present. The axial length of the first axial level is 0.175 m, i.e., between elevations -0.475
m and -0.3 m. The axial length of all other 18 axial levels is 0.1 m. Axial levels 01-16, where
the local results of the simulation are requested, are located in the centres of the core axial
levels 02-17.

The COR Package input records related to geometric parameters of the fuel rods,
thermocouples, grid spacers, unheated Zircaloy tubes and shroud are calculated from the data
found in the specification of the ISP-45 and relevant articles and reports about the earlier
QUENCH experiments [5], [6]. The initial core cell component temperatures are determined
from the initial condition data distributed to the participants of the ISP-45, mostly as averages
of the measured component temperatures at the locations of the core cells, or estimated, if the
measured data are missing or if they are not applicable for the core cell components at the
given location.

ZrO2 annular pellets and cladding thermocouples are modeled as non-supporting
structures, made of ZrO2 and stainless steel (only control poison materials Ag-In-Cd and B4C,
Zircaloy, stainless steel and their oxides are allowed materials for the non-supporting
structures in the MELGEN input). Grid spacers, made of Inconel (the lowest one) and
Zircaloy (four other), and Zircaloy shroud are modelled as supporting structures. In the COR
Package support rule input records for supporting and non-supporting structures appropriate
melting temperatures of these materials are input as temperatures above which these
structures fail.

Tungsten (W) heaters, molybdenum (Mo) and copper (Cu) electrodes are all modeled
as uranium dioxide (UO2) fuel, because the COR Package allows only one type of nuclear
fuel in the calculation. In order to obtain more realistic results of the simulation, UO2 material
properties are replaced by the corresponding material properties of tungsten, since it is a
predominant “fuel” and most of the input electric power is dissipated in the tungsten heaters.
The material differences between the tungsten “fuel” and molybdenum and copper “fuel” are
taken into account in the calculation of the fuel masses in the core cells, which contain
molybdenum or copper electrodes (Mo or Cu density is used instead of W density), and in the
axial power density profile input record. This record specifies the relative amount of power
generated per unit fuel mass in each axial level.

Total electric power dissipated in the simulated region as a function of time is given
by a tabular function generated from the boundary condition data distributed to the
participants of the ISP-45. This tabular function represents whole-core decay heat power as a
function of time in the Decay Heat (DCH) Package input record. Since the fission power in
the core is zero, it represents also the total power released in the core. Considering the
estimates of the average electric resistivities of the Cu and Mo electrodes and W heaters
during the experiment and electric resistivities of the sliding contacts [1], it is estimated that
93-98 % of the total electric power is released in the simulated region during the experiment.
The main deficiency of this input model of the core heating is that the relative power densities
in the core cells are constant during the simulation, which is not the case in the reality,
because electric resistivities of W, Cu and Mo strongly depend on temperature during the
experiment.
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5 RESULTS AND CONCLUSIONS

The mentioned deficiency of the input model of the core heating, caused a significant
increase of the bundle temperature at about 1000 s. The maximum value of about 2400 K was
reached, that is a value expected at the end of the power transient phase or at the beginning of
the quench phase. After this sudden increase, the temperature fell down quickly to the values
expected in the pre-oxidation phase, that is about 1500 K in the hottest part of the fuel bundle.
This increased input of heat caused a failure of the Zircaloy shroud and other internal
structures, which was initially expected at the beginning of the quench phase, as it was
reported in the description of the QUENCH-06 experiment. The resulting oxidation of
Zircaloy, hydrogen production and heat loss through the inner shroud surface are very
overestimated for this phase of the experiment. In the time interval from about 1500 s to 6000
s temperatures of the rods and shroud do not vary significantly. Hydrogen production is much

Figure 3: Lin. elect. power vs. elevation. Figure 4: Cladding temp. vs. elevation.

Figure 5: Fluid (gas/liquid) temp. vs. elev.. Figure 6: Hydrogen m.f.r. vs. elevation.

Figure 7: Oxide layer thick. vs. elevation. Figure 8: Relocated mass vs. elevation.
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lower and oxide layer thickness is almost constant for all internal structures. In fact, more
than 98 % of the total accumulated hydrogen mass in the simulation (about 68.8 g) is
produced in the first 1500 s, which is probably a very erroneous result. It is more likely that
such a large mass of hydrogen could have been produced at the end of the pre-oxidation
phase. However, the result for the total accumulated hydrogen mass at the end of the
experiment is maybe more accurate, because the hydrogen production in the power transient
phase and in the quench phase is underestimated, so that the big initial error of the calculated
hydrogen mass is reduced. The main goal of the pre-oxidation with steam was achieved, that
is to produce a thick oxide layer on the fuel rod cladding, which prevents or significantly
reduces the hydrogen production during the quenching with liquid water. The maximum
calculated cladding temperature then is less than 1900 K, that is lower than the maximum
calculated cladding temperature in the temperature peak at the beginning of the pre-oxidation
phase. Although the total input power as a function of time was modeled quite realistically,
the inaccurate modeling of the axial distribution of the released power (Fig. 3) caused
unexpected or unrealistic results for the temperatures and related quantities. However, at least
qualitative agreement with the experiment was achieved after the first 1500 s.

The axial profiles show that the upper half of the heated region, i.e., approximately
between elevations 0.5 m and 1.0 m, is much warmer than the other parts of the fuel bundle
(Fig. 4). Also the hydrogen production (Fig. 6) and oxide layer thickness (Fig. 7) are much
bigger there (they are significant also in the upper part of the fuel bundle, i.e., between
elevations 1.0 m and 1.3 m). However, it seems that the calculated cladding temperatures in
that region are at least for about 100 K – 200 K lower than expected. The oxide layer
thickness is almost constant in the time interval between 6000 s and 8000 s. Probably
unrealistically big masses of the relocated debris and Zircaloy (Fig. 8) are mostly a result of
the premature shroud failure.

More detailed discussion and analysis of the results will be possible after the disclosure
of the QUENCH-06 experiment results to the participants of the ISP-45.
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