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ORGANISA TION FOR ECONOMIC CO-OPERA TION AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on December 14th, 1960, and

which came into force on September 30th, 1961, the Organisation for Economic

Co-Operation and Development (OECD) shall promote policies designed:

to achieve the highest sustainable economic growth and employment and a nsing

standard of living in Member countnes, while maintaining financial stabilty, and

thus to contribute to the development of the wor/d economy;

to contnbute to sound economic expansion in Member as weil as non-member

countries in the process of economic development; and

to contnbute to the expansion 01 world trade on a multiateral, non-discriminatory

basis in accordance with international obligations.

The onginal Member countnes 01 the OECD are Austria, Belgium, Canada, Denmark,

France, Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands,

Norway, Portugal, Spain, Sweden, Switzer/and, Turkey, the United Kingdom and the

United States. The following countries became Members subsequently through acces-

sion at the dates indicated hereafter: Japan (ApnI28th, 1964), Finland (January 28th,

1969), Australia (June 7th, 1971) and New Zealand (May 29th, 1973). The Commis-

sion 0' the European Communities takes part in the work of the OECD (Article 130f

the OECD Convention).



NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958

under the name of the OEEC European Nuclear Energy Agency. It received its prek-

ent designation on April 20th, 1972, when Japan became its first non-European full

Member. NEA membership today consists of all European Member countnes of OECD

as weil as Australia, Canada, Japan, the Republic of Korea and the United States.

The Commission of the European Communites takes part in the work of the Agency.

The pnmary objective of NEA is to promote co-operation among the government of its

participating countries in furthering the development of nuclear power as a safe,

environmentallyacceptable and economic energy sour ce.

This is achieved by:

encouraging harmonization of national regulatory policies and practices, with

particular reference tot he safety of nuclear installations, protection of man against

ionising radiation and preservation of the environment, radioactive waste manage-

ment, and nuclear third part Iiability and insurance;

assessing the contribution of nuclear power to the overall energy supply by keep-

ing under review the technical and economic aspects of nuclear power growth and

forecasting demand and supply for the different phases of the nuclear fuel cycle;

developing exchanges of scientific and technical information particularly through

participation in common services;

settng up international research and development programmes and joint

undertakings.

In these and related tasks, NEA works in close collaboration with the International

Atomic Energy Agency in Vienna, with which it has concluded a Co-operation Agree-

ment, as weil as with other international organisations in the nuclear field.



CSNI

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international

committee made up of scientists and engineers. It was set up in 1973 to develop and

coordinate the activities of the Nuclear Energy Agency concerning the technical as-

pects ot the design, construction and operation of nuclear installations insofar as they

affect the safety of such installations. The Committee's purpose is to foster interna-

tional co-operation in nuclear safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of technical information and tor collabora-

tion between organisations which can contribute, from their respective backgrounds in

research, development, engineering or regulation, to these activities and to the defini-

tion of its programme of work. It also reviews the state of knowledge on selected
topics of nuclear safety technology and satety assessment, including operating experi-

ence. it initiates and conducts programmes identiied by these reviews and assess-

ments in order to overcome discrepancies, develop improvements and reach

international consensus on technical issues of common interest. It promotes the

coordination of work in different Member countries including the establishment of
co-operative research projects and international standard problems, and assists in the

feedback of the results to participating organisations. Full use is also made of tradi-

tional methods of co-operation, such as information exchanges, establishment of

workin9 groups, and organisation of conferences and specialist meeting.

The greater part of CSNl's current programme ot work is concerned with safety tech-

nology of water reactors. The principal areas covered are operating experience and

the human factor, reactor coolant system behaviour, various aspects of reactor com-

ponent i ntegrity, the phenomenology of radioactive releases in reactor accidents and

their confinement, containment performance, risk assessment, and severe accidents.

The Committee also studies the safety of the fuel cycle, conducts periodic surveys of

reactor safety research programmes and operates an international mechanism tor

exchanging reports on nuclear power plant incidents.

In implementing its programme CSNI establishes co-operative mechanisms with
NEA's Committee on Nuclear Regulatory Activities (CNRA), responsible for the activi-

ties of the Agency conceming the regulation, Iicensing and inspection of nuclear

installations with regard to safety. It also co-operates with NEA's Committee on Radia-

tion Protection and Public Health and NEA's Radioactive Waste Management Com-

mittee on matters of common interest.
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Extent of Zircaloy cladding oxidation,

Liquefaction temperature of Inconel spacers and (Ag, In, Cd) absorber rods,

Relocation temperature of liquid phases,

Extent of U02 and Zr02 dissolution by molten Zircaloy,

Oxidation of metallc melt containing zirconium,

Formation ot blockages, extent and loeation,

Timing and magnitude of hydrogen generation, especially during quenching,

Fragmentation of embrittled fuel rods, particularly during quenching.

3 Description and Results 01 Experiment CORA-13

The CORA-facilty, the conduct of test CORA-13 and the results of this test are descri-

bed in detail in 12/. For the convenience of the reader the information necessary for

the companson with the calculations is given here in summary form.

3.1 Description 01 the CORA Test Facilty

The CO RA out-of-pile facilty is designed to investigate the behavior of LWR fuel

elements under severe tuel damage accident conditions. In the experiments the decay

heat is simulated by electrieal heating. Great emphasis is given to the fact that the test

bundles contain all materials used in Iight-water reactor fuel elements, to investigate

the different matenal interactions. Pellets, cladding, grid spacers, absorber rods and

the pertinent guide tubes are typieal of those of commercial LWRs with respect to their

compositions and radial dimensions.

The CORA tacilty is situated within the reactor hall of the now disused FR2 reactor at

Kernforschungszentrum Karlsruhe (KfK). Figure 3.1 gives a simplified f10w diagram of

the facilty. The geometrical arrangement of the different CORA components is given

in Figure 3.2.
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Zry-4 guide tube. Three spacers are used in the bundle to maintain the positions of

the rods. Original PWR-type spacers have been used. The material of the middle

spacer is Inconel 718. The upper and lower spacer are made of Zircaloy-4. The dis-

tances from the top end of the spacers to "zero elevation" are +880 mm, +496 mm

and -5 mm respectively.

The bundle is surrounded by a Zry-4 shroud of 1.2 mm thickness (Figure 3.5). The

shroud conducts the steam through the bundle. The steam enters at 1800 into the

lower end (0 mm). To minimize the heat losses, the shroud is surrounded by an

insulating layer of zr02 fibre of 19 mm (0.75 inch) thickness. Due to the low heat

conductivity and heat capacity of the fibre insulation, the shroud temperature can

follow the bundle temperature closely. Since the Zry-4 shroud participates in the

interaction with steam, the resulting oxidation energy contributes substantially to the

bundle heat-up.

· High-temperature Shield

To keep the heat losses as low as possible, the bundle is surrounded by a high tem-

perature shield (HTS), as shown in Figure 3.4. The high temperature shield consists

mainly of ceramic fibre plates (114 mm thickness).

The high temperature shield is located within the pressure tube. In the pressure tube a

large number of openings allow access to the bundle. Through these holes and their

extensions in the temperature shield, the bundle can be inspected during the test with

the help of the videoscope systems. In test CORA-13 three windows were used: in the

1200 direction at the 390, 590 and 790 mm elevations. The size of the windows was

30 mm high and 40 mm wide.

· Power Supply

In CORA-1316 rods out of 25 were heated. The power input is controlled by computer

and programmed before the test. The power is controlled by measuring the current

and setting the voltage necessary to obtain the desired power.
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3.2 Test Conduct and Initial Boundary Conditions

The test sequence can be divided into three phases (Figure 3.7):

1. 0 - 3000 s: gas preheat phase;

2. 3000 - 4900 s: transient phase;

3. 4900 s onwards: cooling phase.

During the gas preheat phase there is a flow of 8 gls preheated argon and a low

constant electric power input of about 0.65 kW. During this period the temperature in

the insulation reaches a level which is high enough to avoid steam condensation. To

keep the videoscope windows clear, a total flow of 1 gls argon is directed to the front

of the windows of the videoscopes. The pressure in the system is maintained at

0.22 MPa.

During the transient phase the temperature increase is initiated by raising the electric

power input from 6 to 27 kW at a constant rate (Figure 3.7). At 3300 s a steam flow of

6 gls is introduced into to the system. The cooling phase is initiated by the rise of the

quench cylinder at 4870 sand the shut down of the electric power at 4900 s. The

average velocity of the rising quench cylinder was 1 cm/s (Figure 3.11).

Figure 3.8 gives the "gas" temperature measured at the entrance of the bundle. For

experimental reasons the steam superheater has to be slowly heated up in flowing ar-

gon, which only can be released through the facilty. In consequence, at the starting

point of the test, the entering gas has already a temperature of 525°C, and the bund-

le has already been heated up by the passing gas. The increase in temperature at ab-

out 3400 s shows the infiuence of the steam addition. The steam heats up the con-

necting tube from the steam superheater.

The steam f10w in the bundle is shown in Figure 3.9. These values are determined

from the steam concentration measured at the 700 mm elevation during apre-test

under identical conditions. For comparison the evaporation from the quench cylinder is

given in Figure 3.10.
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3.4 Hydrogen Generation

The hydrogen produced during the test by the steam/Zr reaction is usually measured

at two different positions, i.e. above the test section and in the mixing chamber (see

Figure 3.1). The mixture which contains hydrogen among other gases is transported

to the spectrometer via capilary tubes. It is analyzed by quadrupole mass spectro-

meters. The ion currents representing the concentrations of the respective gases are

determined. From these data the mass production rate of hydrogen as weil as of the

other gases is calculated with the ratio of the partial pressure of the particular gas and

that of argon (the carrier gas) and multiplied by the argon flow rate througti the test

bundle.

The measured hydrogen data for test CORA-13 are given in Figure 3.19. The hydro-

gen production is correlated to the accelerated temperature increase in the bundle.

(Figure 3.14). The Zrylsteam reaction which increases to remarkable values beyond
1000 oe after 4000 s produces the hydrogen and due to its exothermic nature also ex-

tra chemical energy, which accelerates the temperature increase. The strong hydro-

gen spike after 4900 s is related to the quench process. The protecting oxide layers

formed during the initial heatup process are cracked due to thermal stress, so that the

steam has access to the metallc Zry-4 at high temperatures, wh ich results in a strong

Zrlsteam reaction producing the hydrogen spike and the temperature peak.

After covering the bundle with water no further hydrogen can be produced. The taU in

Figure 19 after the quench peak is due to transport phenomena. If we correct the

hydrogen generation curve in a way that the hydrogen generation indicated after

quench is added to the initial phase of steam-zirconium reaction, we obtain the initial

increase of hydrogen production as shown in Figure 3.19a by the dashed line. The

amount of hydrogen which had to be shifted to the initial slope was 30 g. Scooping

experiments in which a definite hydrogen flow was input into the CORA bundle

showed that the tail of measured hydrogen production that appeared after cut off of

hydrogen input has to be added to the initial slope of the measured curve. This justi-

fies the correction of the measured curve which is shown as a best estimate in Figure

3.19a. According to the best estimate curve in Figure 3.19a the percentage of hydro-

gen generation before quench amounts to 63% of the total hydrogen generation.
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the reading at the scale can be taken per cm. The result of the specific mass (glcm) in

Figure 3.24 shows the axial distribution of the voids, because a higher amount of resin

is equivalent to a larger void volume. The smoothed solid-line curve in Figure 3.24

was obtained from the data (crosses) by fitering, i.e. by using a Fourier transformation

where higher frequencies were cut off by a low-pass filter. The smoothed curve is

used for further evaluation.

Figure 3.25 presents the axial distribution of the bundle materiaL. For the evaluation of

this profile the cut bundle segments were weighed. These data consist of the masses

of the bundle and of the epoxy resin.

Figure 3.26 shows the axial blockage profile calculated from the epoxy distribution

(Figure 3.24) relative to the inner surface of the shroud. For comparison the profile of

the undi~turbed bundle is given. Figure 3.27 presents the axial mass distribution after

the test determined from the weight of the bundle segments corrected for the epoxy

distribution. Again the mass distribution of the undisturbed bundle is given for compa-

rison. The blockage and the mass distribution are used in Figures 4.36 and 4.35 for

comparison with the calculated values.

By image processing of the pictures of the bundle cross sections the remaining U02 of

the single rods is determined. Taking into account the original cross section, in

Figure 3.28 the axial distribution of the removed, i. e. dissolved and broken away U02

for the whole bundle is given. Figures 3.29 and 3.30 show the analogue curves for the

unheated rods and heated rods.

For the heated rods a much higher fraction is removed. The higher numbers are

partially due to using relative values, as for the heated rods the reference annular

cross section is smaller. (The center part of 61 mm diameter of the annular pellets is

missing.) But there is additional dissolution on the inside surface due to melt - mainly

Zircaloy - penetrated into the gap between heater rod and annular pellets.

The dissolution of the 4 heated rods (position 3.3, 3.5, 5.3, 5.5) of the first ring and of

6 unheated rods (position 2.2, 2.4, 2.6, 4.2, 6.4, 6.6) of the second ring are compared

with the code calculations in Figures 4.26 and 4.27 in section 4.
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3.7 Estimation of Additional Boundary Conditions

GRS analyzed the CORA 13 experiment with the code ATHLET-CD. The calculations

were performed with the knowledge of the experimental temperature histories besides

the boundary conditions. The aim of the analysis was to provide, for simplified simula-

tions, additional boundary conditions, which could not be measured during the experi-

ment, as

axial power profile

shroud insulation surface temperature

refil mass flow rate for bundle

and to check the energy balance for the bundle heatup. The results ot this open

analysis have been submitted in the same format as those of the blind calculations,

but they are presented separately in this chapter. The estimated boundary conditions

are shown in the specifications /5/.

3.7.1 ATHLET-CD

The system code ATHLET-CD (Analyses of THermalhydraulics of .Laks and Iran-

sients with Core Degradation) 16/ is bein9 developed by GRS in cooperation with

Institut für Kernenergetik und Energiesysteme (IKE), Stuttgart. The fjeld of application

comprises the whole spectrum of leaks and large breaks, as welf as operational and

abnormal transients, for PWR's and BWR's. At present the analysis covers the in-

vessel thermalhydraulics, the early phases of core degradation, fission product core

release, and aerosol and fission product transport in the coolant system.

The core degradation module is coupled with the tour equation thermodynamic non-

equilbrium model, which allows multichannel geometry with cross flow and the simula-

tion of a mixture leveL. The relative velocity between the steam and water phases is

determined by the full-range drift-flux modeL. The code considers for the core region

radial and axial heat conduction, convective heat exchange, and radiative heat

transfer.
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3.7.3 Comparison 01 Analytical and Experimental Results

This section gives, as in section 4.4 for the ISP participants, a comparison of the

analytical with the experimental results with some additional observations and com-

ments. The abbreviations used herein are equivalent to the plot identiier from /6/

Table 1 and 2.

· Initial and Boundary Conditions

Figure 3.32 and 3.33 show that the input data electrieal bundle power, inlet vapor flow

rate, and inlet temperature agree weil with the given boundary condition. The power

losses of the external resistance, of estimated 0.5 Q per rod, ranges at about 1 kW.

The steam inlet flow results from water injection into the evaporator and superheater,

which is shown as the experimental value. The input data take into account the time

delay of the vapor flow with an estimated time lag of about 100 s.

The values of external resistance and vapor flow time lag (time constant) are roughly

estimated and should be provided more precisely by the experimental team.

· Temperatures

The figures 3.34 to 3.37 indicate good agreement between calculated and measured

data up to 4500 s in the lower bundle part and up to temperatures of about 2200 Kin

the upper part. The steep temperature increase in the lower bundle part results from

melt relocation which was not modeled in the analysis.

The fuel rod temperature measurement in figure 3.36, curve "TU2R exp" , might be
either an erraneous temperature measurement or an indication of astrang local influ-

ence of the open windows, since the loeation of the thermocouple (550 U4.2) is close

to one of them and cooler gases flow from the bypass into the bundle region thraugh

it. In the figures 3.36 and 3.37 the curves "TEIO exp" increase sharply at 4250 s. This

might result from melt relocation through the windows or melt penetration through the

shroud insulation. These local effects are unique for the CO RA test facilty which
makes special effort in modellng those very questionable.
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In general the good agreement between calculated and measured temperature during

heatup indicates that the energy balance for the bundle is fulfiled. No adequate

measurements for the cooldown phase are available.

· Zirconium oxidation and hydrogen generation

Figures 3.38 to 3.41 show the hydrogen generation, as weil as cladding and shroud

oxidation. Though the temperature escalation - which indicates the onset of significant

oxidation - starts at 4100 s, the measured hydrogen generation rate increases very

slowlyand reaches at 4700 s a plateau of 0.25 gls. Dunng the prequench phase, the

generation rate never reaches the maximum possible value of about 0.7 gls according

to a steam flow of 6 gls. This indicates two facts

the hydrogen measurement seems to be delayed significantly compared with

the hydrogen generation

only apart of the steam available is consumed by the oxidation, due to local

blockage or steam bypass flow.

The calculated values show strong oxidation of the shroud, where the steam starva-

tion is not modeled in the high temperature region but steam starved conditions in the

bundle after 4100 s, where due to an artificial overestimated "blockage" at the Inconel

gnd location only 10 % of the fluid flows through the upper bundle part (Figure 3.42).

Through the windows at elevation 590 and 790 mm, steam reverses from the bypass

into the bundle, which allows, due to higher partial vapor pressure, some oxidation

downstream of it. This is shown in the Figures 3.40 and 3.43.

In general, compared with the hydrogen measurement, the oxidation before quench-

ingis

overpredicted during the temperature escalation phase and

underpredicted during the high temperature phase.

During the refill phase the steam flow increases rapidly and the calculated hydrogen

generation rate increases to 1.7 gls (out of plot range) for a short time. Figure 3.40

indicates, that oxidation occurs in the previously steam starved upper bundle part. Any

other effects as embrittlement or shattering were not modeled.
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4 Calculations by the Participants

4.1 Selection of Variables to be Calculated

The selection of variables to be calculated was done in order to meet the objectives of

the ISP. The variables to be calculated comprise global parameters, temperatures at

different locations and core degradation variables indicating the state of the bundle

/6/.

The global variables are needed mainly for the energy balance, e. g. heat fluxes

including losses and storage and power generation by oxidation and hydrogen gen-

eration. The temperature variables indicate the thermal behavior of the bundle includ-

ing shroud, shroud insulation and high temperature shield. They consist of

Fluid temperature

Fuel temperature

Cladding temperature

Absorber temperature

Guide tube temperature

Shroud liner temperature

Insulation temperature

High temperature shield (HTS) temperature

The bundle degradation variables represent the damage to the bundle and give the

fraction or percentage of

Zroxidized

U02 dissolved

zr02 dissolved

Zr dissolved by AIC 3

3 AIC = Ag, In, Cd absorber material
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Molten Zircaloy

AIC Iiquefied

Total mass (U02, zr02. Zr, AIC)

Bundle blockage

All mass fractions are defined by

Mi(t)
100x Mi(O)

with Mi (t) =

Mi (0) =

amount of mass at level i and time t tor each mass considered

initial amount of mass at level i for each mass considered

In the case of zr02 dissolved Mi (0) refers to the theoretical mass of Zr02 if the initial

mass of Zr is completely oxidized.

The core blockage is defined by

100x A¡(O) - A¡(t)
A¡(O)

with Ai (t) =

Ai (0) =
Flow area available for the fluid at level i and time t

Initial flow area available for the fluid at level i

4.2 Participants and Codes

Representatives of nine organizations participated in the International Standard Prob-

lem No. 31 (ISP3"1) based on the CORA-13 experiment on severe fuel damage. Five

different codes were used, i.e. FRAS-SFD, ICARE2, KESS-II, MELCOR and SCDAPI

RELAP5. Table 4.1 summarizes the analysts, the participating organizations and the

codes used.

In addition two further contributions were delivered out of the time schedule. Their

results are added in the Appendix.
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dissolution of Zircaloy by molten AIC as weil as the dissolution of Zr02 by molten

metallc Zircaloy is not taken into account.

Cladding deformation is described by means of pellet-cladding contact and ballooning.

if the maximum stress or strain exceeds given limits cladding rupture is assumed.

Fragmentation of oxidized c1adding is considered, using empirically derived embrittle-

ment criteria.

4.2.4 MELCOR

MELCOR is an integrated computer code for mode/lng of severe accidents in nuclear

power plants through all stages of the accident. It is being developed at Sandia Na-

tional Laboratory tor the USNRC /11/. The governing equations for the thermalhydrau-

lic behavior are the two-fluid conservation equation of mass, momentum and energy.

Control volumes are connected through flow paths without restrietions regarding the

network. For the reactor core aseparate heat transfer package was developed. It

treats all important modes of heat transfer within the core as weil as fission power

generation, metal oxidation, debris formation, and relocation.

MELCOR contains a model to calculate the downward flow of molten material and the

subsequent refreezing, the so-called "candling" process. It is based on thermalhydrau-

lic principles incorporating user-specified refreezing heat transfer coefficlents. No

explicit model tor clad ballooning is incorporated. Cladding rupture is deemed to occur

when a given threshold temperature is exceeded.

4.2.5 SCDAP/RELAP5

The SCDAP/RELAP5 code is being developed by Idaho National Engineering Labora-

tory tor the USNRC to provide a predictive capabilty of the state in LWR reactor

coolant systems during severe accidents and other transients /12/. The thermalhy-

draulic model uses six basic conservation equations together with the state equations.

The meltdown and fuel relocation process is calculated in 3 steps: determination of

locations where the cladding and fuel have been liquefied, determination of locations

where the cladding oxide shell is breached and calculation of the movement of
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Iiquefied cladding and fuel material, including freezing and blockage formation. The

failure criterion for the oxide shell is defined bya user supplied failure temperature.

The chemical reaction model calculates Zircaloy and stainless steel oxidation and

dissolution of U02 and Zr02 by molten Zircaloy. Cladding mechanical deformation is

calculated for both axisymmetric and local asymmetrie ballooning and collapse rupture

of fuel rods.

4.3 Computational Model

This section gives a short overview of the important input features of the computa-

tional model used by the participants as far as described in the submitted

reports/13-21/. User-specified input parameters are given in Table 4.2.

4.3.1 AEA

The SCDAP/RELAP5 model represents the CORA test rig up to the outer boundary of

the high temperature shield. These include two parallel flow channels (bundle and

by-pass flow channel), the rods, the shroud and the high temperature shield. The

bundle and by-pass flow channel are connected by three cross-f1ow junctions .

Six SCDAP component groups represent the rods and the shroud: the single central

unheated rod, the first ring of four heated rods, the second ring of six unheated rods,

and two control rods, the third ring of twelve heated rads, and the shroud including

the zr02 insulation layer. There is a simple model of melt hold-up on spacer grids,

which themselves are assumed to disappear if their melting temperature is reached.

The ballooning is modeled by using a internal rod pressure similar to the specified

pressure history.

4.3.2 CEA

The ICARE2 model uses a single channel to describe the thermal hydraulic flow

conditions.
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The test bundle is represented by seven rods (3 heated rods, 3 unheated rods, 1

absorber rod), a cylinder for the shroud liner and the shroud insulation. Not modeled

are the high temperature shield (HTS), the open windows, the by-pass f10w and the

spacer gnds. The temperature history at the external surface of the shroud insulation

is imposed as a boundary condition.

The following chemical reactions are considered: zirconium oxidation and the dissolu-

tion of U02 and zr02 by molten Zircaloy. The dissolution is stopped according to the

Iiquidus temperature of the temary phase diagram U-Zr-O. After cladding burst time a

250 mm high cracked zone is supposed to appear allowing double side oxidation.

The Zr021ayers are deemed to fail if one of the two following sets of criteria is fulfiled:

- Zr02 thickness.: 0.3 mm and temperature ~ 2 250 K

- temperature ~ 2 500 K

Failure of the control rod guide tube occurs as soon as the melting temperature of

stainless steel is reached (1 730 K).

4.3.3 ECN

The SCDAP/RELAP5 nodalization of the hydraulic system and boundary conditions is

given in Figure 4.1. The bundle itself is represented by one flow channel divided into

15 axial zones without a by-pass channel and cross flow. The heated and unheated

rods, the absorber rods and the shroud are modeled by 6 components. The tempera-

ture outside the shroud insulation is imposed as a boundary condition, as given in the

specification.

4.3.4 IKE

The bundle section is modeled by only one fluid channel due to the narrow radial

dimensions. Four zones were adopted (central rod, first, second and third ring) for the

radial discretization and 18 axial levels with equal mesh dimension for the axial de-

scretization. The shroud region was simulated using 2 cylindncal layers of different

materials (Zry-4, zr02).
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4.3.8 SNL

The nodalization diagram of the flow paths and control volumes is shown in Figure

4.4. The model consists of twelve control volumes and seventeen flow paths which

basically are grouped into two parallel channels (bundle, by-pass) and the tempera-

ture boundary condition (pressure tube). The MELCOR core model contains four

radial rings representing the central rod and the three radial rings. All four radial rings

communicate to one hydro-dynamic control volume appropriate for the height. The

shroud insulation and the high temperature shield are represented by heat structures.

The quench water source was split into two volumes, one for the bundle flow and one

for the by-pass f1ow. The flow rates of the two flows were adjusted to approximate as

c10sely as possible the experimental conditions. The cross f10w connections were

closed during quenching.

4.3.9 VT

For thermal hydraulic modellng a parallel channel model with cross-f1ow is used. Four

SCDAP components are used for the bundle, one component each for the heated fuel

rods, the unheated fuel rods, the absorber rods and the shroud. Therefore, the calcu-

lated value tor the central rod and second ring and tor the first and third ring are equal

as weil.

The cladding failure criteria are as folIows: temperature ~ 2 500 K and Zr02 thickness

~0.6mm.

4.4 Comparison 01 Analytical and Experimental Results

This section gives a comparison of the experimental results with the results as pro-

vided by the participants, with some additional observations and comments. From the

list of variables given in the specification, only the important ones are discussed. In

order to associate the different curves with the organizations, each curve is labeled

with a three-Ietter code according to Table 4.1.
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4.4.1 Initial and Boundary Conditions

Some initial and boundary conditions measured in the test facilty are compared with

those actually used by the participants. This faciliates the evaluation of the calcula-

tional results.

· Sundle Power

The measured bundle power and the data calculated by the participants are given in

Fig 4.5. Setween t = 3 000 sand t = 4 800 s the measured power increases steadily

from 6 kW to 27 kW. This includes the power loss of the external resistance in the

electrical connection which decreases from about 14 to 4 % and the heating power of

the copper and molybdenum electrodes which amounts to about 9 %. Some data

include the exte rn al resistance (ECN, IKE, SNL), one curve shows only the heating

power of the 1 m long system electrode (JAE). Wtiile five of the calculations (AEA,

ECN, IKE, NRI, SNL) follow the measured data quite weil, one of them (JAE) uses a

lower estimate of the heating power, due to a higher external resistance (1 mn/rod),

and two of them (KAE, VT) deviate considerably and reveal apower shut off at an

earlier time than specified. The CEA curve only shows the thermal power generated

in the tungsten heater and part of the molybdenum electrodes.

· Steam Inlet Flow

Steam inlet flow (Figure 4.6) during prequench results from a water feed f10w of 6 gls

between 3300 and 4900 s with a time constant of about 100 s. This value was used

by NRI. Five participants (AEA, IKE, JAE, KAE, SNL) have chosen a shorter and three

(CEA, ECN, VT) estimated a much larger time constant which results in an under-
estimated steam flow. CEA has added the evaporation rate from the quench cylinder

to the inlet flow.

· Inlet Temperature

The given inlet temperature (Figure 4.7) was correctly put in by all but one (ECN)

participant.
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4.4.2 Temperature

The calculated and measured temperatures indieate the thermal behavior of the

bundle includin9 the shroud and high temperature shield. To give a complete picture

of the thermal behavior, many temperatures are calculated and plotted in the report,

though only a few of them are recorded experimentally and discussed here.

· Fuel Temperature

Figure 4.8 shows the fuel ter.iperature of a heated rod (first ring) in the upper part of

the bundle (Ioeation 750 mm). In general, the expenment is quite weil predicted during

the heat up period. After the onset of the zirconium oxidation, the fuel temperature is

strongly influenced by that phenomenon. Therefore, this period is discussed with the

cladding temperature figures. Figure 4.9 to 4.12 show further fuel temperatures at

different locations of the bundle. A comparison of Figures 4.8 and 4.12 shows that

ECN and JAE calculate large differences between heated and unheated rod tempera-

tures (350 Kat 4000 s) while the other codes predict temperature differences of about

100 K, wh ich is in the order of measured temperature differences. The under-

prediction of rod temperatures by KAE and VT might result from the underpredicted

bundle power. The other curves (AEA, CEA, IKE, NRI, SNL) are in good agreement

with the experimental data, except for the temperature excursion indicated by CEA at

level 050, which results from melt relocation.

· Cladding Temperature

The cladding temperature in the upper part of the bundle (elevation 750 mm) of a

heated rod (first ring) is plotted in Figure 4.13. Since no cladding temperature was

measured and fuel and cladding temperature are fairly close, the measured fuel tem-

perature at this location is added to the plot for comparison purpose.

Again du ring the heat up phase between 3 000 and about 4 000 s the temperature

behavior is quite weil calculated with a spread of about 150 K. But this temperature

spread results in a larger spread in time of the onset of the temperature escalation.

The onset spans over 400 s, beginnin9 at about 4 050 s. The onset of the fuel tem-

perature escalation lies at about 4 100 s. While the time values of the onset show

considerable differences the temperature values are very close together (1800 K)
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except CEA which indicates like the experimental data, the onset at 1500 K, and IKE

which shows a continuous increase of heatup rate.

At 4 900 s quenching occurs as measured in the expenment and given as boundary

conditions.

Cladding temperatures at other locations throughout the bundle are given in

Figures 4.14 to 4.17. They show that in four calculations the temperature is underpre-

dicted and the temperature escalation is significantly delayed (ECN, JAE) or even not

reached (KAE, VT). On the other hand, CEA predicts in the lower bundle part a

temperature escalation which is too early, induced by melt relocation.

· Absorber and Guide Tube Temperature

Shroud Temperature

Apart trom the temperature level the absorber and guide tube temperature (Figures

4.18 and 4.19) and the shroud temperature (Figure 4.20) show the same behavior as

previously discussed for the fuel cladding.

A very tight coupling between tuel rod and absorber rod temperatures is seen in CEA

and IKE calculations, temperature differences of about 100 Kare predicted by

SCDAP user. Similar statements are valid tor the shroud temperature, except for JAE,

KAE and VT which did not simulate shroud oxidation. SNL shows somewhat larger

temperature differences between fuel rods and shroud.

· Outer Insulation Temperature

Inner HTS Temperature

An example of the shroud outer insulation temperature (Iocation 750 mm) is given in

Figure 4.21. CEA uses the recommended temperature history as a boundary condi-

tion (SC) while ECN and JAE use other estimates as SC. In the other calculations the

same temperature trend is predicted, but with temperature differences up to + 300 K

compared with the recommended SC. The measured curve indicates a very strong

temperature rise at about 4300 s. This might result from melt penetration through the

shroud insulation, which is beyond the modellng capabilty of the codes used.
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calculations and experiment, models for dissolution of U02 and Zr02 by liquid Zircaloy

should be improved and c1adding failure criteria should be derived mechanistically.

Unfortunately, c1adding failure mechanisms and temperatures cannot be quantified

experimentally with the required precision.

· Refil

Six of the participants calculated the refill phase. The calculations only show a tem-

perature decrease but no increase due to chemical reaction as measured just before

the decrease. The temperature drop is too slow due to the unde(estimation of the heat

transfer, which results in delayed quenching.

· Hydrogen Generation

While early in the transient the hydrogen generation has been overpredicted, it has

been underpredicted in the later prequench phase. The overprediction might be due

to unlimited oxidation in the calculation, which did not occur in the experiment be-

cause of shielding effects, diffusion limitation of vapor and bypass flow.

None of the codes except ATHLET-CD could predict the intensive hydrogen gene-

ration during refi!. The reason for this is the lack of an appropriate model and the

calculated oxidation of all Zr before the beginning of refil.

It was recommended to develop an embrittlement model for partially oxidized

cladding.

· Core Blockage

The calculated main core blockage reproduces fairly weil the experimental data de-

spite the lack of correct modellng of the real bundle geometry.

· Oxidation Profile

The oxidation profile at the end of the experiment was adequately calculated though

an overestimation in the prequench phase occurred. It was recommended to introduce

a double-sided oxidation model into the codes which describes in addition the c1ad-

ding deformation, the so-called "flowering".
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Table 3.1: Design characteristics aftest bundle CORA-13

Bundle type: PWR
Bundle size: 25 rads
Number of heated rods: 16

Number of unheated rads: 7
Pitch: 14,3mm
Rod outside diameter: 10,75 mm

Cladding material: Zircaloy-4

Cladding thickness: 0,725 mil
Rod length: - heated rads: 1960 mm

(elevation - 489 to 1471 mm)
- unheated rods: 1672 mm
(elevation - 201 to 1471 mm)

Heated pellet stack: 1000 mm
Heater material: Tungsten (W)

Heater - length

- diameter

Fuel pellets - heated rods: U02 annular pellets

- unheated rods: U02 full pellets
Pellet stack - heated rads: o to 1000 mm

- unheated rods: -199 to 1295 mm
U-235 enrichment: 0,2%
Pellet outer diameter (nominal): 9,1 mm

Grid spacer - material: Zircaloy-4, Inconel 718

- length: Zry42 mm
Inc38mm

- location lower (Zry) - 5 mm
center (Inc) + 496 mm
top (Zry) + 880 mm

Shroud - material: Zircaloy-4

- wall thickness: 1,2mm
- outside dimensions: 89,4 x 90,4 mm

- elevation 36 mm to 1231 mm
Shroud insulation ZR02 fibre

- insulation thickness: 19mm
- elevation 36 mm to 1036 mm
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Table 3.1: (Continuation)

Mo electrode - length 300mm
- diameter 8,6mm

Cu electrode - length 189 mm (Iower end)

- length 669 mm (upper end)

- diameter 8,6mm
Absorber rod - numer of rods 2

- material and composition 80Ag, 151n, 5Cd (wt. %)

- cladding Stainless steel

- c1adding OD 11,2 mm

- cladding I D 10,2 mm

- length 1660 mm

- absorber material -189 mm to + 1300 mm

Absorber rod guide tube - material Zircaloy-4

- OD 13,8 mm

- wall thickness of tube O,8mm
Plenum Volume - heated rods 12 x 10-6 m3

- unheated rods 87 x 10-6m3
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Table 3.2: Total speci1ic mass data 01 bundle CORA-13

Tungster heater elements 8,70 kglm

U02 11,24 kglm

Zircaloy in rads 3,45 kglm

Zircaloy in absorber rods 0,43 kglm

Stainless steel in absorber rods 0,26 kglm

Ag / In I Cd absorber 1,62 kglm

Inconel grid spacer 0,11 kg

Zircaloy grid spacer 0,14 kg

Zircaloy of shroud 2,60 kglm

Total zircaloy 6,48 kglm

Table 3.3: Areas 01 bundle CORA-13

\
. ~-"

Cross section areas (m2l

Tungsten 4,524 x 10-4

U02 1,077 X 10-3

Zircaloy cladding 5,252 x 10-4

Absorber (Ag / In / Cd) 1,634 x 10-4

Stainless steel cladding 3,362 x 10-5

Zircaloy guide tube 6,535 x 10-5

Zircaloy shroud 3,888 x 10-4

Total area inside the shroud 8,038 x 10-3
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Recent SCDAP/RELAP5/MOD3 Analytical Results
for

International Standard Problem 31 - CORA-13

J. K. Hohorst
D. T. Hagrman
c. M. Allison

EG&G Idaho, Inc.
Idaho National Engineering Laboratory

Idaho Falls, Idaho

i . Code Improvements

SCDAP/RELAPs/MOD3(8X), relative to MOD3(7af) and earlier vers ions of the
code, contains 1) significant modeling improvements to aiiow the user to
accurately model the early phases of a severe accident; 2) changes to the late-
phase models so that predicted behavior accurately represents that which occurs
during the late phase of an severe accident; 3) changes to improve the overall
reliability and usability of the code. These changes include the addition of an
Inconel spacer grid-Zircaloy cladding interaction model, a reflood model which
limits the vapor diffusion of steam, RELAPS style card numbers and input
checking, a radial spreading of molten material model, radiative heat transfer
time smoothing, time step repetition and many deficiency and error corrections.

2. Changes to the Input Model

Changes were made to the input model to better represent the conditions in
the test facility during the test. Changes were made to the input, using only
provided or published material property data, temperature and pressure histories
provided by the experimenters,4 bounding sensitivity studies of uncertainties in
the test conditions, and the default variables to bett er represent materials and
bundle conditions in the lower plenum during reflood. Localized hot spots in the
bundle were modeled through the use of a representative hot rod.

3. Results of the Calculations

..3.1 Influence of the MaterialInteraction Model
¡
,..

Results of calculations performed with SCDAP/RELAPs/MOD3 indicated that the
inclusion of the grid spacer/material interaction model impacted the calculated
core damage progression in the following manner: 1) initial fuel rod clad
failure occurred near the Inconel grid spacer at a temperature substantially
lower than calculated in earlier vers ions of the code; 2) cladding began to
liquefy at temperatures ne ar 1500 K due to eutectics being formed between Inconel
from the grid spacer and the Zircaloy fuel rod clad; 3) a blockage region
consisting of accumulated melted debris formed near the location of the grid
spacer. Figure i compares the calculated unheated fuel rod temperature from the
earlier calculationS using MOD3 (7af) and MOD3 (8X) with the measured data at the
750 mm elevation. The figure shows that the calculated temperature response of
the bundle components was not adversely effected by the addition of the grid
spacer model. The most notable improvement in the calculated resul ts was the
formation of a large blockage region near the Inconel grid spacer. Figure 2
shows an artist conception of the calculated and measured end-state of the
bundle.



3.2 Vapor Limited Diffusion of steam in Zircaloy

Early vers ions of the code prior to MOD3 (8X) limited the oxidation of the
fuel rod cladding by steam starvation which did not accurately model the
interactions between the Zircaloy and gases flowing through the bundle. When
the heat/mass transfer analogy based on vapor limited diffusion of steam to the
Zircaloy surface was implemented in the code, heating rates in the bundle slowed
considerably and the onset of hydrogen production was delayed several hundred
seconds and occurred over a longer period of time than observed when steam
starvation limits were imposed. Figures 3 and 4 compare the results of
calculations performed using vapor limited diffusion of steam into the cladding
and steam starvation limits with the measured data at two elevations and Figure
5 shows the rate of hydrogen production from both calculations. The predicted
bundle heating when vapor diffusion limits on oxidation are used exclusively tend
to be delayed considerably from the data in the upper bundle, whereas when steam
starvation is used to limit oxidation, temperatures in the upper bundle agree
weIl with the measured data. The predicted hydrogen production rate when vapor
diffusion limits on oxidation are imposed agree quite weIl with the measured
data. All calculations were performed using a ZrOi failure temperature of 2250
K.

Although representative fuel rods are intended to describe the average
behavior of fuel rods in an experimental bundle, in reality, local hot spots may
exist due to local inhomogeneities in power generation, heat transfer or flow.

: Although these hot spots may not influence the overall behavior of the bundle or
' core, the local heat generation due to oxidation is strongly effected due to the
exponential dependency of oxidation rates -upon temperature. Consequently a more
representative fuel bundle was tried which used one SCDAP fuel rod component to
represent the local hot spots in the bundle, and another to represent the average
rods in a region. Oxidation in the rod representing the hot spots was limited
by steam starvation, and in the average rods by vapor diffusion. The predicted
temperature response in the bundle using this approach, the reflood model
activated, and a ZrOi failure temperature of 2250 K agreed weIl with the measured
data. The predicted rate of hydrogen production during the transient reflected
the measured rate during the early stages of the experiment as weIl as the
increased hydrogen production during reflood, though the total quantity produced
was still underpredicted. Code to data comparisons of unheated fuel rod
temperatures at various elevations in the bundle are shown in Figures 6 to 8 and
a comparison of predicted hydrogen production with the measured is shown in
Figure 9.
3.3 Effects of the Reflood Model

Changes to the input deck were made to accurately represent the lower
plenum volumes and the reflood tank and to activate the reflood and oxide

. shattering model. Modeling changes were made to decrease the power in the lower
plenum so that the lower heating rates attributable to the molybdenum and copper
were reasonable, position the simulator and unheated fuel rods correctly in the
lower plenum region, and allow RELAPS to calculate the evaporation rate from the
quench tank prior to the quenching phase of the experiment. Using these input
changes and a ZrOi failure temperature of 2450 K, the calculated temperature
response in all areas of the bundle agrees weIl with the measured data. Figures
10 to 12 show the calculated temperatures at three elevations in the bundle
compared to the measured values at the same elevations when the above described
modeling changes were used and the reflood model activated.

As shown in the figures the predicted results showed good agreement with
the data. The temperature in the lower quarter of the bundle is overpredicted
but is improved over previous results. Further improvements will require more
detailed modeling of the lower plenum and quench tank. The figures show the
predicted temperatures in the upper three-quarters of the bundle agreeing weIl
with the data.



3.3.1 Hydrogen Production

Figure 13 shows the predicted hydrogen production rate compared to the
measured rate when the reflood model in the code has been activated, hot spots
modeled, and the ZrOi failure temperature set to 24S0 K. The code is now
accurately predicting the hydrogen spike at reflood and the percent of the total
predicted hydrogen produced during reflood, although the total calculated amount
produced during the experiment is still underpredicted. Table 1 shows the
results of several sensitivity studies preformed using the reflood model.

Although it roust be confirmed by the experimenters underprediction of total
hydrogen by the code may be explained as foliows. The reported hydrogen data in
ISP-3l reports~7 appears to have been taken at a distance of approximately 10 m
from the core, after the gas had passed through a condenser and into a mixing
tank. This could explain some of the time separation between the measured
initiation of hydrogen production and that predicted by SCDAP/RELAPS/MOD3(8X).
More evidence of the effects of this delay is noticed in the temperature
information. At 4000 s, the measured temperature indicates the on 

set of rapidoxidation, especially at the 750 and 9S0 mm elevations, in agreement with the
code prediction. The measured rise in temperature associated with the onset of
rapid oxidation occurs significantly be fore measurements indicate hydrogen
production to occur during the experiment. The underprediction of hydrogen
between t=4200 sand t=4800 s is due, in part, to melted material relocating.
In the experiment the relocating materials continued to oxidize in the reflood
tank until cooled, but in SCDAP/RELAPS once relocated into the RELAPS modeled
areas they are no longer included in the SCDAP oxidation calculation. Another
neglected item in the oxidation calculation is the oxidation of the outer surface
of the shroud and the upper o. S m unheated portion of the bundle. Double sided
oxidation was not initiated for the shroud liner in this calculation. The
reflood calculation discussed in this appendix simply feeds water into the lower
plenum region at a given mass flow rate with no modeling of thetwo state
regions. The narrowness and height of the reflood hydrogen spike with respect
to the data can be explained in two ways; 1) measured data is likely to be
dispersed during the transport to the measurement location and 2) the reflood
oxide shattering model instantly shatters the oxide over much of the length of
the fuel rod whereas during the experiment the oxide layer may have shattered
over a short time span.

3.3.2 End-state of the Bundle,

The end-state of the core as calculated by SCDAP /RELAPS (8x) and the final
state of the core from the ISP-31 report are in good agreement. The end-state
of the bundle determined from the metallurgical examination of the damaged
bundle, showed the control rod missing above the 400 mm elevation and significant
damage in the 300 to 400 mm range. SCDAP predicted control rod to completely
disappear above the 200 mm elevation. The code and the metallurgical examination
of the bundle show flow blockages at the second, Inconel, grid spacer location
,and relocated metallic melt at the bottom of the core.
)

,,~.,/
3.3 Impact of the New Style Input

The RELAPS card number style input was used for all calculations using
SCDAP/RELAP5/MOD3(8XJ. Replacing the free form input used in version 7af with
the newer RELAPS style cards caused no noticeable effects on the code predictions
but does significantly decrease the time needed to prepare an input deck, The
input checking routines clearly describe the errors detected and their location
in the input deck. Card number style input increases the reusability of
components by allowing the user to apply a cut and paste approach to deck design
and since card order is no longer significant the major problems encountered
during deck preparation have been eliminated. With the free form style of input
used in version 7af, cards and numbers had to be in a required order and form and
errors in input were not identified therefore a considerable amount of time could
be required to develop and debug the deck.



4. Conclusions

The code improvements, error correction, and changes to the input model to
better describe the test facility and conditions significantly improved the
code' s ability to predict the test. When the test bundle and heated fuel rods
are modeled to accurately describe their physical characteristics prior to the
start of the test, the models and default values in the code do an excellent job
of predicting the test with the exception of the total hydrogen production, which
was underpredicted. Additional refinement of the input model to include the
outer oxidation of the shroud liner and upper 0.5 m unheated portion of the
bundle may be necessary to improve the prediction of hydrogen production. The
use of aseparate component to model areas in the core where hot spots could
develop due to localized changes in flow rates, heat transfer or power generation
and the activation of the reflood model improve the test results considerably
with the measured and calculated values agreeing weIl.
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Tables
Tab1e 1. Sensitivity Study Comparison for Hydrogen Production

gramsH %produud
produced after reflood

Data 210 48%

Zrfai/2250 87 32%

Zrfai/2450 118 38%

Steam 79 12%
Iimired

Difusion 83 1%
/imired



3000.0

2500.0

200.0
g.
2
e 1500.0.a.
E...

100.0

500.0

- Verson (ex)
--- Version (7a~

- - - - MeasUfed at 750 mm elevation

0.0
2000.0 5000.03000.0

Time (5)
4000.0

Tiqure 1. comparison or calculated tuel rod temperat.ures trom
'~ion ('at) end (8x) ~ith ~easured at 750 mm elevation.

Untie~ied Fue: Rod

2500.0

I
i

g:

2000.0 r

~
';
Ñ 1500.0
~

~
1000.0

300.0

- . - Vap O;Uus; Lim:!
- _. Siearn Starvalio Limi:
- Measued Ji

,..../-
. r
1 I
11

,'j.-
~'7~-'//.

-=:---....::.~. i
\ 1

¡ j

j
5000.0

r1qure 3. Calcull1ted end irellsured temperAt.ures et the 550 Qua
elevation - vapor diffusion and steamed sLar've~ limitations.

500.0

0.0
3000.0 4000.0

Tiine (sI

0.0030

0.00020

0.0010

- . - Vapo Dillusi Limi
~ - . ~ Sleam Swvaiio limit

i,."......
..., ... .

/./
0..0000 t___ ----~--300.0 "'OOO.C

lirn (50,

'.
!'.

...r(-...' -,-' ;Î

,/~ I'.',"

. . ì~I
50.0

...,....

qur. 5. Hydrogen production rates troa: the s:'e.e::ed starved and
por dlttuelon li=lted cases.

Figures

1.0
All clad disap.,a,ed

',om h".1 rod
tu.1 '.loc.,.d .9

Most 0' 'he ci.d .8
dÎ~.ppe.r.d from

tue I rod .bo... .75 m

Control rod d...pp..red
above .2m .Ievation

.6

M::~~:i~i:;~::~ .5

zircaloy cl.d
end ineonet

.4

Metalic metl
Control mat.ri.1 0

Calculated

.7

ExperImental'
1.0

$pacer "ri. dic.pp..r.d

l,re.loy c:addinc
dic.ppear.d from tuel rod.

Cracked ceramic meUs in
uø".r hat: of bundlc.
Cer.mit mall.

Control ,od mell.d

Mett. or bl.cka". r.Oion con..isu.
ot 'u.l. el.d . sm. 11 .rnounic 01
control materiaL.

UQ2 flry In'er.dionc

'a"ial liqyelac'ion of
lirealor ciadding by absorber
alloy

Met.lic m.h (prim.ril~ A,o.Zr)
hom con1rol rod. Lot.l.iad
.n.ck on claddîng

Figur. 2. Artl.t rendltlon ol the bundle showlng the calculated
and .easured end-.tate.

.3

.2

.1

.9

.8

.7

.6

.5

.4

.3

.2

.1

o

Unhied Fuel ROd
300.0

2500.
Vapo Oillusioo Limi

- _. S18am Slaalioo Umt
- Measured

~ 2000. t' )l ~ -

~ 1500.0 I / .l,_.~
500.0 t

0.0300.0 4000.0
Timels)

..:."'---.:~
I

\
i

\

\

50.0

'Fiqur. ". Calculated and ineasured teinperature:s at the: 750 ii
elevation - vapor diftusion and &teamed starved limitations.

3000.0

2500.0

,
2000.0 t0; I

- r

- Steam Umted Fue Ro
(- MeulKed

ir¡

350.0 5000.0400.0
Time(s)

450.0

'Figura l. Calcula.ted and tDeasur-ed tempcrotures at the 550 1I1l
elevation when retlood hot spots 1n tho bundle are .odeled usinq 6
ZrOJ tellure t.emperatur. or 2250 K.



J::oo.'J r
I

I
250.0 ~

!

- SI.", ¡'''l.- F~ Rooo-M.u~

;r .-; i I~; I .": 'SO ' 1i .0" 'f I ./ '1 ~.:lCO.O~~~-

i
2:0.0 ~

!oc.o ~

t

I

l
o.~
;:CO.O ~CC;).c

Tlt..(s)
:~::c.o:.,i: .~co.o

Fiqu. 7. C¡,lc-.il.ted and. :2e:.sured t.e=perat~::es ai: t.he 750 :::D
.ievacion wn,.n :-.riood and ~o't spo'ts in :.:ie ~ur;dle a::. ::cceled.
usinq . %r01 'allure t.eop.rl.:...r. ot 2:50 K.

0.0010 f

0.00 f

0.004 r

0.007 ~

0.000 ~

- Hr.. -1k910- Mea.

~.:~C5

0.00

0.CC03 ..

0.00 !-
I

0.001 ~

¡
0.00 ~

Joo.O

\
!:

¡ ~ :

;

~;,~...-d~:~4COO.O 50.0
-:.m. (s)

F1au.'. Hydroqen production in ehe bundle ~n.n retlood .nd ~~.
hoi: spo~s 1n t~. bundle using a :ro: ~a~l~r. te~~e::a:.~re 0' :250 K.

- SI.am lJmoleo ~':.. ;;Od~"Y.as.e
Joo.O

2500.0

g
2000.0

,

~::(
:300.0 JSO.O '00.0

":.rlSl
"" 0'50.0

J'1aure 11. Caleulated and ::e.sured. ::emper:it~r.s At '::'e ~'!O =.
.1ev&'C1.on vh.n retloe And tn. :iot. spocs i.n t.:l. bund1. .r. ao(aied
usinq .. zro1 t.1lure ~..peratur. ol 2450 K.

!).OOIQ

O.OC ..

::.oo ..

O.COO7 :.

~ 0.00 ~6 i
;: 0.005 ¡.? i
i O.oo ~

0.00 ~

i
0.002 !-

,
0.001 \,

0.00 ._'
JCO.C

JCCO.O
I

l -S:-.m'
I ~l. o,mol.-F~=.0 f ..... ~od
I

:cca L~ -¡ ¡-~. i I~~~ '_""0 ~ // "..; i ~/:::o.~~ ~~-~~ \ ~

5CO.0 ¡
!J

;
!

~.~ ~
J:::O.O .J~.:: .;C~!:_: .iS:O.: s.::.,

iirr. (si

:r1i;re i.. ea1culaced Olnd :3easured te!:perac.:.res ac. :.:-e 950 ::
el.vac..:on ..hen :-etlood .nd :-ot. SPOc.s :.n ~.:'e Dundle are ::oc..lo!o
usinq " :ro: t.ailu:-. t...ep\lc;itu=e o~ ':':50 K.

g,
"
~
~

300.0

I

i
20.0 :.

I

!

- SIHm 1.-i Fue Ao
~M.&SUled

: J-¡. A' !! ~'"".~ ;i
i
i 1
\ .

i.l.
0.0 \

:iOO.O J5O.0 40.0
time(s.

"50.0 5000.0

7iqur. 10. Calc.Jlat:e.d and :i...sur.d t:eap.rat:ur'ls at: t."'. 550 :'
.i.vacion ~h.n r.l1oOd ~nd the hoC spot.s in th.- bundl.- are mOd.-l.d
usinq . :=0, :ailur. t.e=perat.ur. 0: 2450 1(.

:coo.c

- SINt litli-i ru.. Ho
..-)M~a.ureo

2000. _ /'-/I~. j"ó._~
0.0
JCO.Q

i

\
1\ .
\ '

J
J

50.0':50.0 'co.o
romCsJ

rl~r. 12. Calculaced and measured eeap.ratur.s in eh. bundle ~c
':n. 950 .. eiev.cion wnen reiioOd and hot spoc.s 1n the bundl.- ar.-
~.l.d usina . t.11u~. temperat.ure oi 2450 K..

"'50.0

~~::.c.c

i

I ¡

A 1i j

j \ 1

I: \1~I ,j~.'III
...-"l\ . i '1_ i¡ i

~/ " !¡;.oc.o . ¡
r.~ tS' .iso.o .so.o

- -..- ~ ni"lf'lo) ...as-e

riqure 1). C31culaced and ~e45u~.d hyd:oqen pr~uc~ion rac.,
.nen ~.! ~~od and ~~. ~o~ 5pO:S :~ :.:ie =undle ace ~Odeled usina A
:C:-:~ ~".::'-.re :'e~per.s:'-.:-e o~ :.;5ù lC.



CONTRIBUTION TO ISP31 - CORA13 CALCULATIONS
WITH ATHLET/CD AND RELAP5/SCDAP

J. Paulus, Th. Steinrötter, U. Brockmeier, H. Unger
Ruhr-University 01 Bochum,

Department 01 Nuclear and New Energy Systems, FRG

INTRODUCTION

The comparative assessment of the severe accident analysis codes MELCOR, ICARE, ATHLET/CD
and RELAP5/SCDAP is part of a study performed at the Ruhr-University of Bochum. The assessments
are based on both, theoretical comparison of the physical models involved in the codes and comparison
of computational and experimental results (see /1/-/9/). The test CORA13 serves as an experimental
basis for the code predictions presented here. CORA 13 is a tyical PWR test in terms of the
geometrical arrangement of the test bundle (see /10/ - /13/). The bundle consists of 23 fuel and

2 absorber rods with gnd spacers made of Inconel and Zircaloy, The absorber material is (Ag, In,
Cd)-alloy. The heated rod length is 1000 mm, The flow of preheated argon through the bundle was
adjusted to 8 gIs and a flow of 6 gIs steam was added du ring the transient of the test. The test
was terminated by quenching at a problem time of 4870 s. The calculations reflect a satisfactory
modeling of the governing phenomena, as there are heatup, oxidation (with the onset of a temperature
excursion due to Zircaloy/steam reaction) and cooldown.

CALCULATIONS WITH ATHLET/CD AND RELAP5/SCDAP

The major differences between the input decks for ATHLET/CD and RELAP5/SCDAP underlaying the
calculations presented here, are:

- In case of RELAP5/SCDAP, the bundle is modeled as to consist of 3 representative rods (SCDAP-
components) - heated, unheated and absorber rods. The SCDAP-eomponents "heated rods" ,
"unheated rods" and "absorber rods" are representing the 16 heated, 7 unheated and 2 absorber
rods of the CORA13 test bundle. In case of ATHLET/CD, 4 representative rods have been defined
(to represent 2 rings of heated and 2 rings of unheated rods) due to instructions given in the ISP-31
specification (see /1 O/),

- in case of RELAP5/SCDAP, the shroud and the shroud insulation are modeled as severe accident
components (SCDAP-emponent, see /5/) while in case of ATHLET/CD both are modelIed as
"normal" heat structures (HECU-eomponent, see /4/). The density of the shroud insulation in the
RELAP5/SCDAP calculation was adjusted to a value of 350 kg/m3 at 300 K instead of the physically

) correct value of 5800 kg/m3 at 300 K (see /10/) to receive an energy distribution in the facilty in
accordance to the test (for details see /5/).

- due to the crossflow inlet of argon and steam the heat transfer Nusselt numbers are increased
for the lower bundle region (0-50 mm) in the ATHLET/CD-calculation by a correction factor K. In
reference to /14/-/17/, the correction factor K in the bundle region between 0 mm and 350 mm
is calculated as folIows:

K = 2,86 - 5,3143 .10-3 (m~J . h(mmJI~O:m .

At an elevation of 350 mm, the influence of the crossflow inlet on the heat transfer coefficients is
assumed to be negligible (see /14/ -/17/),

- neither RELAP5/SCDAP nor ATHLET/CD are able to simulate the axial heat losses at the end of
the rods, Therefore, the heat transfer coefficients at elevations between 0-150 mm are increased
additionally in the ATHLET/CD-calculations (see /4/),

- in case of ATHLET/CD, the argon flow is simulated by an additional steam flow with adapted fluid
properties (noncondensables are not taken into account in the current ATHLET/CD version).

Several other (minor) differences have to be taken into account, especially concerning the treatment
of the initial and boundary conditions. For details see /4/ and /5/.



RESULTS AND DISCUSSION

Sam pie calculations and experimental results of the CORA 13 test are given in Figs, 1 - S in form of
the cladding surface temperature history at elevations of 1S0 mm, 3S0 mm, SSO mm, 7S0 mm and 9S0
mm. In Fig. 6, the outer oxide layer thickness is depicted for the same elevations. The accumulated
hydrogen production is shown in Fig. 7. The scope of this compactjust allows some general remarks
(for details see /4/, /S/, /7/ and /8/). The main points of interest of the calculations presented here
are given in the following:
Three global phases are to be distinguished; the heatup phase, the escalation phase and the cooldown
phase. It can be stated, that the heatup phase and the start of the esclation phase with the onset
of the temperature excursion due to the Zircaloy/steam reaction (around 4200s) are weil predicted
by both coes,
Due to the unmodeled axial heat losses at the end of the rods, RELAPS/SCDAP overestimates the
cladding surface temperatures at an elevation of 1S0 mm up to 200 K (see Fig. 1), As a result of the
adaptions described above, ATHLET/CD estimates the c1adding surface temperatures at an elevation
of 1S0 mm weil. In cae of the ATHLET/CD calculation the material reloction model had to be turned
off due to inadequate predictions of the relocation by the relatively simple ATHLET/CD stop-and-go
modeL. Consequently, temperatures in the range between 4S00 -4870 s continue to increase (see Fig.
3 - S), A more adequate modeling of this range wil be possible with the new ATHLET/CD relocation
model under development.
The start of the escalation phase at an elevation of 3S0 mm (see Fig. 2) is predicted - about 80 s - too
early by ATHLET/CD: This is due to a feedback reaction from the SSO mm ATHLET/CD prediction (see
Fig, 3) with its temperature overestimation due to the unmodelled latent heat of melting (relocation
model turned off,
At an elevation of 9S0 mm (see Fig. S) RELAPS/SCDAP overestimates the temperature gradients
during the esclation phase due to a strong double-sided oxidation of the c1adding with the according
energy release and temperature increase: In the experiment single rods failed in a range between
4080 - 41S0 s inducing their double-sided oxidation. In contrast to that, RELAPS/SCDAP predicts
a simultaneous burst and consequent double-sided oxidation of all rods belonging to the SCDAP-
components "heated rods" and "unheated rods" in a time window of 3910 - 3930 s.
The total amount of hydrogen released during the transient of CORA 13 (see Fig, 7) is satisfactorily
predicted by both coes, The accumulated hydrogen mass calculated by RELAPS/SeDAP shows
an early and strong increase compared to the measurement. This is a result of the strong double-
sided oxidation mentioned above. In case of ATHLET/CD, the mass of hydrogen produced due to
the oxidation of the shroud is not directly calculated (see /18/ and /19/), and had to be concluded
from the Zry-H20-reaction energy (see /4/). The ATHLET/CD curve of the accumulated hydrogen
mass shows a stronger increase than the measurement because steam starved situations for the
shroud oxidation are not taken into account in the present ATHLET/CD version (see /18/ and /19/),
From the comparison of the calculated and measured accumulated hydrogen mass it seems to be
remarkable, that the measured accumulated hydrogen mass shows a nearly linear increase in the

i time span between 4500 - 4870 s (see Fig, 7), while a degressive course of the hydrogen mass
-' had to be expected with respect to the measured temperature histories: In the time window 4500 _

4870 s, the measured temperatures at all elevations persist at a certain level (see Fig, 1 - S), At
constant temperatures, the oxidation rate should be expected to decrease with increasing oxide layer
thickness. This should lead to a more convex form of the accumulated hydrogen mass as predicted
by the codes than to the linear increase measured.
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