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Preface

Within its competence for energy research, the Bundesministerium für Wirtschaft und

Arbeit (BMWA) (Federal Ministry of Economics and Labour) sponsors investigations

into the safety of nuclear power plants. The objective of these investigations is to

provide fundamental knowledge, procedures and methods to contribute to realistic

safety assessments of nuclear installations, to the further development of safety

technology and to make use of the potential of innovative safety-related approaches.

The Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH, by order of the

BMWA, continuously issues information on the status of such investigations by

publishing semi-annual and annual progress reports within the series of

GRS-F-Fortschrittsberichte (GRS-F-Progress Reports). Each progress report

represents a compilation of individual reports about the objectives, work performed,

results achieved, next steps of the work etc. The individual reports are prepared in a

standard form by the research organizations themselves as documentation of their

progress in work. The progress reports are published by the Research Management

Division of GRS.

The compilation of the reports is classified according to the classification system "Joint

Safety Research Index (JSRI)".

The reports are arranged in sequence of their project numbers.

It has to be pointed out that the authors of the reports are responsible for the contents

of this compilation. The BMWA does not take any responsibility for the correctness,

exactness and completeness of the information nor for the observance of private

claims of third parties.
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CEC Classification topics (JSRI) Projectnumber

01. Integrity and Reliability

01.1 Mechanical Components (Including Fuel Elements)

Application-oriented development of nanomechanically based simulation of 1501228
changes of mechanical behaviour of steels due to precipitates

Corrosion assisted crack growth in base material of high and low strength 1501229
ferritic steel under static load with and without intermediate unloadings in
oxygen containing high temperature water of different conductivity

Deformation and Permeation Behaviour of a Ferritic Fine Grained Structural 1501230
Steel in Gaseous Hydrogen as well as under Corrosion Produced Hydrogen

Critical Investigation to the Master Curve Concept for the Application to 1501239
German Nuclear Power Plants

Critical examination of the master curve approach regarding application in 1501240
German nuclear power plants

Investigations on Causes of Material Defects in Dissimilar Weld Joints during 1501245
Fabrication

Assessment of fatigue and residual lifetime on the basis of fractal dimension
of deformation structures

1501246

Evaluation of the fatigue and residual service life on the basis of the fractal
dimension of deformation structures

1501247

Microstructural Mechanisms of the radiation embrittlement 1501256

Damage mechanism oriented description of short term creep rupture 1501257
behaviour at temperatures up to 1200 °C

Scientific-technical cooperation between FZR and Russia in the field of NPP 1501260
safety research

Effect of Hydrogen on Thoughness of Irradiated Reactor Pressure Vessel 1501267
Steels

Ultrasonic Analysis of dissimilar welds and claddings in complex shaped
components with special attention to anisotropy

Optimization and assessment of electromagnetic testing methods for the
detection of property changes in power plant components, caused by
service-induced copper precipitation

1501268

1501269

V



Application of the Master Curve regarding characterization of the Toughness 1501277
of neutron irradiated Reactor Pressure Vessel Steels

Assessment of cracks in the cladding 1501278

Development of analytical detection methods of hydrogen and helium 1501281
embrittlement of nuclear reactor materials and containers for storage and
transport of radioactive materials

Determination of Fracture Mechanics Values on Irradiated Specimens of 1501284
German PWR Plants

Numerical valuation of ratcheting effects on the deformation and failure 1501285

behaviour of components

Fracture Mechanics Investigations of Dissimilar Welds 1501286

Analysis of Detonations due to Radiolysis 1501297

Usage of the small-punch-test to characterize brittle fracture behavior of 1501298
irradiated reactor materials
Further development of the structure mechanics analysis method for the RS 1127
calculation of the structure reliability of components.

Nuclear Risk Based Inspection Methodology for Passive Components RS 1136
(NURBIM)

Development of a tool for the qualification of structure mechanics analysis RS 1138
methods and the users for the example of integrity analysis of reactor
pressure vessels

Further Development of the Structure Mechanics Analysis Method for the RS 1153
Determination of the Load Carrying Capacity of Dissimilar Welds

Further Development of the Structure Mechanics Analysis Method for the RS 1154
Determination of the Integrity of Prestressed Concrete Containments

02. Controlled Faults (Design Basic Accidents)

02.1 Reactor Physics and Fuel Behaviour

Development of methods for the analysis of accident scenarios with steam 1501225
line breaks and boron dilution by the help of the code system
ATHLET-DYN3D

Development of a core model for use in an I&C with increased requirements 1501235

to safety

Analyses of innovative reactors with new safety quality 1501259

In depth stability analysis of boiling water reactors 1501290

VI



Development of a Transport Approximation for the Reactor Dynamic Code 1501295
DYN3D

Validation of coupled thermofluid-neutronics codes for VVER-plants RS 1137

Development of methods for the analysis of the fuel rod behaviour under both RS 1149
reactivity initiated accidents (RIA) and loss of coolant accidents (LOCA)

Adaptation of nuclear analysis methods for high-burnup, use of MOX fuel and RS 1150
actinides in light water reactors.

02.2 Reactivity Insertion

Fast Transients in Nuclear Reactors 1501253

Safety-Oriented Research on Boron Reduction Strategies for German PWRs 1501289

Neutron transport methods for the nuclear design and the analysis of RS 1128
reactivity initiated accidents

02.3 Loss of Coolant

Construction and execution of experiments at the multi-purpose thermal 1501265
hydraulic test facility TOPFLOW for generic investigations of two-phase flows
and the development and validation of CFD codes

Investigation of released insulation material behaviour in a coolant flow 1501270
(coolant flow with solid particles)

Development of CFD Software for the simulation of multi dimensional flows in 1501271

the reactor cooling system.

Transient-Tests in the PKL Test Facility (PKL IMF) 1501274

CFD simulation of mixing phenomena in Pressurized Water Reactors in the 1501287
presence of density gradients
Experimental Investigation of the Interfacial Area Concentration in Horizontal 1501288
Gas-Liquid Flow at any different Gas Fraction in Consideration of Entry
Effects

Laser-optical investigations and simulation of condensation processes at a 1501291

water jet

Modelling and experimental investigation of stratified flow in horizontal pipes 1501292

Fluid Mixing and Flow Distribution in the Reactor Circuit (FLOMIX-R) RS 1134

Evaluation of Computational Fluid Dynamics Methods for Reactor Safety RS 1135
Analysis (ECORA)

VII



Further development of CFD codes for the simulation of multidimensional RS 1141
flows in the reactor cooling system

Transfer of methods in the frame of scientific-technical cooperation with RS 1144
middle and east European countries

Further Development of Methods for the Analysis of Accidents and Transients RS 1145
for WWER-type Reactors (Scientific-Technical Cooperation with Russia)

Validation of the Advanced Computer Code System ATHLET/ATHLET-CD RS 1155

03. Severe Accidents

Development of models on corium behavior in the lower plenum of the reactor
pressure vessel for integration in ATHLET-CD: Influence of the accident
development on coolability and conditions at RPV failure

1501299

03.1 Core Degradation

External Validation of the Computercode ATHLET-CD with Selected 1501241
Experiments

Continued development of the computer code system ATHLET / ATHLET-CD RS 1126

03.3 Steam Explosions

Investigations to evaluate possible loads from steam explosions in the frame
of severe LWR accidents - works in international context to prepare codes for
reactor safety analysis

1501266

03.5 Corium Behaviour in RPV and in the Containment

Thermo-mechanical finite element modelling of in-vessel melt retention after 1501279

corium relocation into the lower plenum

Molten core behaviour in severe accidents: lower head cooling. RS 1129

Release of molten core material into the containment RS 1152

04. Fission Products inside Primary Circuit and Containment

Experimental Facility and Program for the Investigation of Open Questions on 1501272
Fission Product Behaviour in the Containment. ThAI Phase II (ThAI=Thermal
Hydraulics, Aerosols and Iodine)

Validation of Severe Accident Codes Against Phebus FP for Plant RS 1122
Assessment (PHEBEN2)

VIM



04.3 Transport of Aerosols and Vapours

External Validation of the Code System COCOSYS by means of Selected
Experiments

Organisation of the International Standard Problem ISP-47

1501242

1501275

04.5 Management of FP inside the Containment during an Accident

Further development of the simulation codes COCOSYS and ASTEC

Intensified validation of the simulation codes COCOSYS and ASTEC

RS1139

RS1147

06. Risk Analysis

06.1 PSA/PRA

Prediction capability of computer code calculations for cooling system and
containment

RS1142

Method develepment for the modelling of human actions within the framework RS 1148
dynamic PSA of level 1 and 2.

06.2 Human Factor

Shared knowledge structures as an element of safety culture 1501293

06.3 Man-Machine Interface

Application of Soft Computing Methods for non-invasive Supervision on
Boiling Water Reactors

1501248

ATLAS XP Extension of adaptability regarding complex analysis requirements RS 1151

06.4 Automation, Computerisation

Development of Methods for Interface Consistency Assessment of
component-based Software in Safety-relevant Systems by Use of
Object-Oriented Approaches

Qualification of integrated tool environments for the development of
computer-based systems in NPP

1501237

1501280

IX



An approach to the efficient assessment of safety and usability of computer 1501282
based control systems

07. Others

Longterm Backup of Experimental Data RS 1143
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Berichtszeitraum / Period

2004
Klassifikation / Classification

02.1
Förderkennzeichen / Project Number

1501225
Vorhaben / Project Title

Development of methods for the analysis of accident scenarios with steam line breaks and bo-
ron dilution by the help of the code system ATHLET-DYN3D

Methodenentwicklung zur Analyse von Störfallszenarien mit Frischdampflecks und Borverdün-
nung mit Hilfe des Codesystems ATHLET-DYN3D
Arbeitsbeginn / Initiated

01.07.2000

Arbeitsende / Completed

31.03.2004
Berichtsdatum / Last Updating

28.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer/ Zuwendgsempf. / Contractor

Forschungszentrum Rossendorf e.V. (FZR) -
Institut für Sicherheitsforschung
Leiter des Vorhabens /Project Leader

Rohde, Dr.
E-mail Adresse des Leiters des Vorhabens

U.Rohde@fz-rossendorf.de

2

2.1

2.1.1

General Aim

The goal of the project consists in the development of a methodology for the

analysis of accident scenarios with steam line breaks and boron dilution by the

help of coupled 3D neutronics/thermal-hydraulic system codes. The project is

aimed at the elaboration of an interface between the 1D thermal-hydraulic sys-

tem code (ATHLET) and the 3D neutron kinetics reactor core model (DYN3D)

allowing to provide realistic distributions of the coolant temperature and the bo-

ron concentration at the core inlet based on the modelling of coolant mixing in

the downcomer and the lower plenum of the reactor.

Moreover, within an extension of the project, the effect of the generation of ho-

mogenised macroscopic cross section data based on 3D neutron transport cal-

culations will be assessed. For that purpose, a 3D neutron transport cell code

based on the ray tracing technique will be developed in the frame of a PhD stu-

dy.

Particular Objectives and Program of Work

Particular Objectives

The particular objectives of the project consist in:

- Elaboration of a macroscopic nuclear cross section data base for the code

DYN3D suitable for accident analyses, connection of the library to DYN3D

- Integration of a methodology for the simplified description of coolant mixing in

the downcomer and the lower plenum of the reactor,
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- Generic analyses of steam line break and heterogeneous boron dilution acci-

dents,

- Sensitivity and uncertainty investigations on the influence of different approa-

ches for the coolant mixing description

- Investigation of the impact of turbulent fluctuations of the velocity field on the

reactivity insertion due to accidental overcooling and boron dilution

- Development of a parallel 3D cell code based on the ray tracing technique

- Assessment of the effect of the homogenised cross section generation based

on 3D transport calculations; comparison with Monte Carlo and 2D determini-

stic transport calculations

2.2 Program of Work

2.2.1 Generation of macroscopic cross section (XS) data for the code DYN3D, para-

metrization of the data taking into account the feedback parameter variation re-

levant for accident analyses, connection of the library to DYN3D.

2.2.2 Verification of the XS library by reactor-physical calculations for the reference

reactor.

2.2.3 Intermediate report on the generation and verification of the XS library.

2.2.4 Modification and test of an ATHLET input deck for a reference reactor.

2.2.5 Implementation of a method for the realistic description of the coolant mixing in

quasi steady-state flow fields in the code complex ATHLET-DYN3D.

2.2.6 Variation calculations and sensitivity analyses for steam line break accident

scenarios.

2.2.7 Selection of various generic boron dilution scenarios to be considered.

2.2.8 Integration of a method for the description of the coolant mixing under the tran-

sient conditions of restart of the coolant circulation.

2.2.9 Generic analyses on heterogeneous boron dilution scenarios, investigations on

the influence of various approaches for the coolant mixing description.

2.2.10 Investigations on the influence of turbulent fluctuations of the velocity field on

the accidental reactivity insertion.

2.2.11 Development of a 3D cell code based on the ray tracing technique.

2.2.12 Comparison between 3D ray tracing on the one hand, and Monte Carlo and 2D

transport calculations, on the other hand

2.2.13 Compilation of the results in the final report.
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3 Experimental Facilities

none

4 Computer Codes

Computer codes DYN3D, ATHLET, HELIOS, MCNP and TransRay.

5 Progress to Date

ref. 2.2.5 The SAPR method has been adopted also for the case of quasi steady-state

flow conditions, that means, running pumps or fully developed natural circulati-

on, and therefore, for the analysis of main steam line break scenarios. In that

case, pre-calculated or experimentally defined mixing matrices will be superpo-

sed.

ref. 2.2.8 The coolant mixing model SAPR (semi-analytical perturbation reconstruction)

has been implemented into the coupled code complex DYN3D-ATHLET. The

model is based on a linear superposition of response functions on quasi-Dirac

impulses, which have been obtained from special experiments at the ROCOM

test facility or from CFD calculations. By the help of the model, the time-

dependent boron acid concentration or temperature distribution at the core inlet

(for each fuel element position) can be determined from the given behaviour of

these parameters at the RPV inlet in the case of the start-up of the first main

coolant pump in boron dilution scenarios.

ref. 2.2.10 Studies have been performed, how turbulent fluctuations of the velocity field

and consequential fluctuations of the boron concentration and temperature dis-

tributions at the core inlet influence the reactivity insertion and, therefore, the

energy release in various transients by using the code DYN3D. Usually, for re-

actor dynamics calculations, boundary conditions at the core inlet are used,

which are averaged over turbulent fluctuations. These averaged conditions are

obtained from experiments, when the data from repeated identical measure-

ments are averaged, or from CFD calculations, where the averaging is an in-

herent feature of Reynolds averaged turbulence models like the K,epsilon mo-

del. The resolution of the turbulent fluctuations in the CFD calculations would

be possible using methods like Large Eddy Simulation (LES) or Direct Numeri-
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cal Simulation (DNS), what is presently still limited due to computer resources.

To investigate the impact of these fluctuations in a generic way, measurement

data from single realisations of a mixing experiments at the ROCOM mixing

test facility have directly been used in the reactor dynamics calculations. In this

way, a realistic spectrum of the fluctuations is used.

ref. 2.2.12 For the investigation of 3D effects in neutron transport calculations, 3D test ca-

ses have been calculated using the neutron transport code TransRay develo-

ped within this project. In the reporting period, the test calculations have been

repeated using macroscopic cross section (XS) sets for TransRay generated

with the help of the 2D cell code HELIOS instead of the previously used code

system NJOY-TRANSX. The results of these TransRay calculations agree

much better with reference results obtained by HELIOS (2D solutions) and

MCNP. For the test cases, the eigenvalue and averaged two-group cross secti-

ons were calculated by the different codes.

First, the 2D Babcock and Wilcox UO2 (B&W UO2) criticality benchmark was

considered. TransRay calculations were performed using macroscopic XS sets

generated by NJOY-TRANSX, on the one hand, and by HELIOS, on the other

hand. Thus, the B&W UO2 criticality benchmark was used to find out the most

suitable way of cross section generation for TransRay. In all further TransRay

calculations, only XS data generated by HELIOS were used.

Following 3D test cases for a reference PWR quadratic fuel lattice were consi-

dered:

- a cell of eight fuel rods, which surround a partially inserted control rod in the

centre,

- a cell of nine fuel rods with one rod in the centre, which was partially voided,

- a single partially voided fuel rod.

The last two cases simulate a vapour region arround a hot fuel rod. The cell

height was 24 cm in each test case. For simplicity, reflecting boundary conditi-

ons were used. These test cases are 3D, because they are not homogenised

with respect to the axial direction, but the CR position and the water level in the

cell are explicitely modelled. All test cases were calculated with TransRay and

MCNP. The 2D border cases (fully inserted or removed CR, fully voided or un-

voided region) were additionally calculated with HELIOS. The calculated eigen-
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values and averaged two-group cross sections were compared. For the single

voided fuel rod, the neutron spectra were compared additionally.

6 Results

ref. 2.2.10 For investigating the impact of turbulent fluctuations of the temperature on the

results of transient analyses, a fictive test case was considered, where the coo-

lant temperature in one of the four primary loops was reduced artificially by 5 K.

A transient DYN3D calcula-tion was performed, where a time-dependent coo-

lant inlet temperature value at each fuel element position was given as it was

obtained in ROCOM mixing experiments with four running pumps (normalised

to 5 K average perturbation), corresponding to the nominal operation state of

the reactor. Without the turbulent fluctuations, this would be a steady state pro-

blem. Fig. 1 shows the temperature fluctuations in a selected fuel element (in

the centre of the core) at various axial positions (including the core inlet). The

transportation of the inlet perturbation through the coolant channel with dam-

ping of the magnitude over the height can bee seen. Fig. 2 shows the fluctuati-

ons of the total nuclear reactor power caused by the temperature fluctuations at

all fuel element positions. The average magnitude of the power fuctuations is

about 1 % of the nominal power. The magnitude of the fluctuations of the heat

released to the coolant is still much less. It should be noticed, that similar inves-

tigations with 3D reactor dynamics codes are suitable to draw conclusions on

the applicability of noise diagnostics methods for the determination of reactivity

feedback coefficients.

Investigations on the influence of the turbulent fluctuations of the boron concen-

tration on the core consequences have also been performed for boron dilution

scenarios. Experiments at the ROCOM test facility for a hypothetical boron dilu-

tion event following the inadvertent start-up of the first main coolant pump were

carried out with the goal to provide boundary conditions for core calculations.

Simulations of the corresponding boron dilution scenario were performed with

DYN3D using different core boundary conditions based on average values, a

single measurement and values which are bounding of the 68.3%, 95.4% and

99.5% confidence intervals of the measurements. Fig. 3 shows the boron con-

centrations at the core inlet for a selected fuel element (in the centre of the co-
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re) for the five cases. The different boron concentration curves result in diffe-

rent power peaks for the considered cases (Fig.4). The two power peaks of

each curve occur at different positions of the core, which indicates significant

changes of the power distribution in the course of this transient. The most se-

rious case is that with the 99.5% confidence interval, which give the highest

maximum fuel temperature. To be conservative, this bounding case should be

considered with respect to safety analysis. However, no safety limits were

achieved in all simulations.

ref. 2.2.12 Concerning the B&W UO2 criticality benchmark, remarkable differences bet-

ween the cross sections generated by NJOY-TRANSX and by HELIOS were

found. For example, the absorption cross section in the energy group between

6.476 eV bis 7.3382 eV containing a broad U-238 resonance, is significantly

overestimated by NJOY-TRANSX. Large differences occur also in other reso-

nace regions. Obviously, the differences are caused by the different resonance

treatment in both codes.

Concerning the 3D test cases of the cells (height = 24 cm) with partially inser-

ted control rod and a partially voided fuel rod, the previous results of TransRay

calculations using the data base generated with NJOY-TRANSX have been

qualitatively confirmed by the new calculations with use of the HELIOS data.

In the case of a partially inserted control rod the relative deviations between the

TransRay results and the HELIOS and MCNP ones were usually less than 5 %

and for the eigen-value less than 3 %. The dependence of the eigenvalue on

the axial CR position is practically linear. If the two-group cross sections are

averaged only over the CR cell, the values calculated by TransRay and MCNP

differ up to 15.3%. Transray is always overestimating the effect of the absorber

in comparison with the MCNP reference solution.

Considering the test case of a partially voided fuel cell with eight neighbouring

unvoided fuel rods, the HELIOS, MCNP and TransRay results are in good

agreement. Fig. 5 shows the super cell of one voided cell with eight neighbou-

ring unvoided fuel rods. Considering this super cell, the dependence of the ei-

genvalue and the averaged two-group cross sections on the water level is prac-

tically linear.

If a completely voided lattice is considered (consisting only of voided cells wi-
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thout un-voided neighbouring cells), big differences appeared at the eigenva-

lue, the averaged two-group cross sections and the neutron spectrum compa-

ring the results produced by the HELIOS, MCNP and TransRay codes. In this

case non-linear effects are relevant. Non-linear dependence of the eigenvalue

and macroscopic cross sections on the CR insertion depth or the void content

means, that we have a deviation from the usual linear interpolation from 2D cal-

culations for fully voided and unvoided cells (or CR fully withdrawn and fully in-

serted). In the 2D cases of the fuel rod, which was surrounded only by void, the

values predicted by HELIOS show a significant deviation from the TransRay

and the MCNP ones for the neutron spectra in the fast energy range. On the

other hand, the TransRay and MCNP results agreed very well to a large extent.

This result is surprising because the TransRay calculations were carried out

with the data generated by HELIOS.

Additionally to the 3D calculations with MCNP and TransRay and the 2D HELI-

OS calcula-tions, MCNP calculations with homogeneous dilution of the modera-

tor density by 25, 50 and 75 % have been performed. The results for the eigen-

value are shown on Fig. 6. The differences between the 3D calculations and

the calculations with homogeneously diluted moderator are caused by 3D ef-

fects. Therefore, 3D effects can be relevant in the case of strong heterogenei-

ties in axial directions, like a water level or an absorber boundary, over large re-

gions of the core.

On the development of the 3D transport code TransRay, based on the ray tra-

cing method, and the investigation of the influence of 3D effects on the calcula-

tion of reactor-physical parameters of heterogeneous fuel cells, a PhD thesis

was elaborated, which is almost completed.

7 Next Steps

8 Relation with other Projects

1501216: "Coolant mixing in Pressurised Water Reactors #

Part 2: Experimental equipment and simulation of the mixing#

9 References
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S. Mittag, U. Grundmann, R. Koch, J. Semmrich*): Erzeugung und Nutzung

von Bibliotheken von Zwei-Gruppen-Diffusionsparametern zur Berechnung ei-

nes KWU-Konvoi-Reaktors mit dem Reaktordynamik-Programm DYN3D,

Report FZR-346, Rossendorf, April 2002 (Intermediate Progress Report)

*) TÜV Süddeutschland, Bau und Betrieb GmbH

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Fig. 5: Super cell of 9 fuel rods with voided central rod
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501228
Vorhaben / Project Title

Application-oriented development of nanomechanically based simulation of changes of mecha-
nical behaviour of steels due to precipitates
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2

2.1

General Aim

In the frame of reactor safety research of the BMWA, the general aim of the

project is to improve the modelling tools for a better understanding of the beha-

viour, the change in materials' properties and the embrittlement of steels which

are typical for pipings of light water reactors.

A central role in this project has been assigned to nanosimulation in oder to un-

derstand the interaction between dislocations and precipitates on the atomic

scale. The model un-der consideration has to base on experimentally acquired

information (by TEM, XAFS) about the atomic structure. Results of the nanosi-

mulation, e.g. increase in strength, will be used as input for FEM simulations of

the behaviour of the real materials.

Doing so, these nanoscale results can be linked to the real behaviour of steels

on the macroscopic scale.

The aim is a practically applicable link between structural information on the

atomic scale and mechanical behaviour of materials on the macro scale. The

real material under study will mainly be the material 15 NiCuMoNb 5 (german

engineering designation WB36, Cu content 0.64%) and in particular the role of

chemical elements like Ni, Mn and P, which had not gained much interest in

precipitates in the past.

Particular Objectives and Program of Work

Particular Objectives
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2.1.1 The particular objectives consist of three threads:

1.: Experimental: To achieve further insight into structure, size, composition

and arrangement of precipitates in steels with higher as well as lower copper

content and its dependence on annealing

2.: Theoretical/Simulation: To simulate the strengthening effect due to these

precipitates

3.: Synopsis: To merge the acquired analytical and theoretical knowledge into a

consistent description of

macroscale experimental behaviour of a material, e.g. its crack growth beha-

viour or its flow curve.

2.2 Program of Work

2.2.1 Preprocessing for generating models of metallic and nonmetallic precipitates of

different sizes and structures.

2.2.2 Nanosimulation of movement of dislocations, their pinning at precipitates and

the cutting of precipitates during ongoing plastic deformation. Simulation of the-

se processes for pre-cipitates of different size, structure and chemical composi-

tion. Study of details of the cut-ting process.

2.2.3 Nanosimulation of the interaction between dislocations and selected highly dis-

ordered precipitates or agglomerates of structural defects.

2.2.4 Characterisation of the material KS02.

2.2.5 Preparation of sarnies for JR-experiments and for transmission electron micros-

copy.

2.2.6 TEM-experiments and evaluations. Due to most recent scientific insights, one

more method for providing images of the structure on the atomic scale together

with the pre-cipitates, namely APFIM/TAP (Atom-Probe Field Ion Microscopy /

Topographic Atom Probe) was included into the scientific program. These ex-

periments are to be conducted by a team at the University of Göttingen / Ger-

many.

2.2.7 JR-Experiments.

2.2.8 XAFS-Measurements and evaluations.

2.2.9 Theoretical-thermodynamical simulation of the grade of precipitaton using

THERMOCALC and DICTRA.

2.2.10 FEM-calculations including damage modelling.
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2.2.11 Linking the scales of modelling, methodical improvements of the so-called hier-

archical modelling.

2.2.12 Compilation of the final report.

3 Experimental Facilities

- Metallographical, fractografical and transmission elektron microscopy (TEM)

investi-gations.

- Energy filter facility at the TEM microscope enabling to distinguish between

different chemical elements (EFTEM).

- Computer controlled mechanical testing facilities.

4 Computer Codes

- Molecular dynamics code IMD from the University of Stuttgart for atomistic si-

mulations

- FE-programs (ADINA, ABAQUS) for the simulation of crack growth resistance

curves

- Thermodynamics software THERMOCALC and DICTRA for theoretical esti-

mations of the degree of precipitation and precipitate size

5 Progress to Date

ref. 2.2.8 Cancelled.

6 Results

ref. 2.2.2 The movement of a dislocation under external shear load can be simulated ve-

ry well with the molecular dynamics (MD) software, together with the pinning of

the dislocation at a precipitate. The critical resolved shear stress (CRSS) as a

key value for embrittlement can be derived directly from the simulation. From

the current status of the simulations, several results can be highlighted:

- The impedement of the dislocation movement depends strongly on the positi-

on where the dislocation hits the precipitate, i.e. whether the precipitate is hit at

its equator or near one of the poles.

- Pure Ni precipitates have a similar but slightly lower "strengthening capability"

as compared to pure Cu precipitates
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- Admixture of Fe to the precipitates lowers the "strengthening capability" pro-

portionally to the Fe content

- Chemically inhomogeneous precipitates consisting of a Cu core, surrounded

by a Ni shell, possess a lower "strengthening capability" than pure Cu or pure

Ni precipitates

ref. 2.2.3 The simulations are not only aiming at understanding the interaction between a

dislocation and a single precipitate but are also aiming at the consequences of

the interaction of pre-cipitates with a smaller/bigger one in close proximity.

It turned out that the CRSS for non-equidistant arrangements of precipitates

can be up to 80% smaller than the CRSS for an arrangement with equidistant

precipitates of equal size. This, too, is a new result and had found little attention

until now in simulation of materials strengthening. The only exception are me-

soscale simulations by V. Mohles (University of Aachen, Germany) of the inter-

action between dislocations and non-shearable obstacles, where the trend of

the CRSS being lowered by disorder has also been demonstrated already.

Including this effect of lowered CRSS it was possible to merge the nanosimula-

tion results and macroscale experimental data into a consistent understanding

of the increase in strength.

ref. 2.2.5 Samples were used for experiments of other working points.

ref. 2.2.7 Data used in 2.2.10. and 2.2.11.

ref. 2.2.8 Cancelled.

ref. 2.2.10 The damage model by Rousselier was shown to run well also with the FEM

software ABAQUS. In addition to the material WB36, it could also be success-

fully applied to the material KS02 with its completely different morphology of

non-metallic inclusions.

ref. 2.2.11 It became possible to merge the simulation methods of FEM and of atomistic

simulation (MD as well as Monte-Carlo-Simulation of precipitate growth) and in

particular the insights into the geometrical disorder of the precipitate arrange-

ment, together with the analytical knowledge from APFIM/TAP, TEM and SANS

into a numerically consistent understanding of the increase in strength due to

thermally induced precipitates.

ref. 2.2.12 The final report was delivered to GRS and to FIZK Karlsruhe.



2004 1501228 5/5

7 Next Steps

ref. 2.2.12 The project terminated on June 30th, 2004.

8 Relation with other Projects

1501029

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

Within the frame of the reactor safety program of the Federal Ministry of Econo-

mics and Labour (BMWA) in the field of Component Safety and Quality Ass-

urance data on crack growth rate of ferritic base materials in high temperature

water of 289 °C and 0.4 ppm oxygen will be generated to evaluate the safety

and availability of pressure retaining components in nuclear power plants. In

particular, it has to be clarified how the yield strength of the material affects the

crack growth rate.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Crack growth rate studies under constant load without intermediate unloading

2.1.2 Crack growth studies under constant load with intermediate partial unloading

2.1.3 Crack growth studies on wedge loaded specimens

2.1.4 Tensile tests with slow strain rate

2.2 Program of Work

2.2.1 Crack growth rate studies will be performed with fracture mechanics specimens

C(T)25 under active static load which is sustained constant over the test period.

Materials to be investigated are base material 20MnMoNi5-5 with high yield

strength and 15MnNi6-3 with lower yield strength. Tests will be performed app-
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lying different stress intensity factors in oxygenated high temperature water of

high and low conductivity over a time period of 1 000 h. Tensile tests will be

performed at room temperature and at the temperature of the autoclave tests of

289 °C to check the strength properties of the materials.

2.2.2 Investigations on crack growth rates will be performed with fracture mechanics

speci-mens C(T)25 of material

20MnMoNi5-5 and 15MnNi6-3 under active constant load over a time period of

1 000 h. During this time period several partial unloadings will be applied. The

tests will be performed at different stress intensity levels in oxygenated high

temperature water with low and high conductivity.

2.2.3 In comparison with the actively loaded C(T) specimens in work package 2.1

and 2.2 wedge loaded DCB10 specimens of material 20MnMoNi5-5 will be in-

vestigated at differ-ent stress intensity levels. The characteristic of the wedge

loaded specimens is a decrease in stress intensity in case of crack growth and/

or relaxation. The specimens will be exposed to high temperature oxygenated

water of low and high conductivity over a time period of 3 000 h. Stress intensi-

ty factors will be applied in the range from 15 to 75 MPa square root meter.

2.2.4 The tests being performed at different strain rates and temperatures shall give

information whether the materials under investigation are susceptible to dyna-

mic strain ageing, which might influence the environmentally assisted cracking

behaviour.

3 Experimental Facilities

Autoclave systems are available at MPA Stuttgart which are capable to be ope-

rated with water of high purity up to temperatures of 289 °C and well defined

oxygen content. The conductivity can be adjusted to the desired level. For ma-

chining, fatigue pre-cracking and wedge loading of the specimens the necessa-

ry equipment is available at MPA Stuttgart. Post test fractographic examination

of the specimens will be performed in the scanning electron microscope.

4 Computer Codes

none
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5 Progress to Date

ref. 2.2.1 The tests under constant load were already terminated during the last reporting

period

ref. 2.2.2 Two tests with 9 unloadings were performed with the steel 20MnMoNi5-5 of

higher strength. The duration of the hold time phase at constant load amounted

to 100 h, the stress intensity factors were in the range of 60 and 75 MPa squa-

re root meter, respectively.

ref. 2.2.3 The tests with wedge loaded DCB specimens were already completed during

the last reporting period.

ref. 2.2.4 The CERT tests in air were performed at different temperatures and strain rates

with a tensile machine which was modified for this particular purpose. In additi-

on to the CERT tests in air, tests were performed in high purity oxygenated

high temperature water to ob-tain data that could support the interpretation of

the crack growth behaviour of the C(T) and DCB specimens of the high

strength steel 20MnMoNi5-5.

6 Results

ref. 2.2.1 see annual report 2003.

ref. 2.2.2 The results fit into the data base which was established from previous tests and

thus confirm the reproducibility of results within the scatter well know for tests

performed under environmental conditions. Under the applied parameters crack

growth occurs not only during the phase of rising load after the intermediate un-

loading but also during the phase of constant load due to the high stress inten-

sity factor. Elevated sulphate content of the high temperature water leads to

slightly increased crack growth rates in the phase of constant load.

ref. 2.2.3 see annual report 2003

ref. 2.2.4 The CERT tests in air performed with different strain rates and temperatures

showed for both steels a certain susceptibility to dynamic strain ageing. From

CERT tests in HT water it became evident, that the environment reduces the

elongation to fracture and in particular the reduction in area at fracture. The dif-

ferences between the two steels are only small and do not provide further ex-

planation for the significantly different crack growth behaviour of the two steels
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as determined with fracture mechanics specimens. The steel 15MnNi6-3 with

lower strength, with a ferritic microstructure and in particular with a low sulphur

content is obviously less susceptible to environmentally assisted cracking than

the steel 20MnMoNi5-5 with high sulphur content and bainitic microstructure in

conjunction with a higher strength.

7 Next Steps

8 Relation with other Projects

none

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

Within the frame of the reactor safety program of the BMWA in the field of Re-

actor Safety and Quality Assurance the general aim of this project is to study

the deformation and permeation behaviour of the ferritic fine grain structural

steel 20MnMoNi5-5 in gaseous hydrogen and in oxygenated high temperature

water where hydrogen is produced by the corrosion process. In particular, the

relevance of hydrogen embrittlement as a consequence of hydrogen generated

during the corrosion process in high temperature water and simultaneous pla-

stic deformation will be studied in more detail.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Investigation of the environmental effect on properties determined in Constant

Extension Rate Tests (CERTs) for monotonously increasing mechanical load.

2.1.2 Measurement of the amount of hydrogen permeating through the wall of hollow

specimens with similar dimensions compared with those of CERT specimens

when loaded under tension.

2.1.3 Investigation of the effect of gaseous hydrogen (9 MPa) on the crack resistance

curve (JR-Curve) and the associated parameters as well as on the da/dN data

characterising cyclic crack growth behaviour in compact tension (C(T)) speci-

mens. The comparison with already existing JR-curves and da/dN data obtai-

ned in high temperature water together with results from corresponding tests in
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helium which will also be performed within this project will provide information

on the effect of hydrogen generated during the corrosion process in high tem-

perature water.

2.2 Program of Work

2.2.1 Experimental determination of the stress strain curves and the corresponding

strength and deformation properties on conventional CERT specimens in high

pressure hydrogen (RT to 288 °C, 9 MPa) as well as in high temperature water

(150 to 288 °C, 9 MPa). Comparison tests in the same temperature range will

be performed in the inert environment helium. The effect of oxygen on the

strength and deformation properties will be investigated in CERTs by adding

oxygen to different levels on the one hand to hydrogen (pure H2, 100 vpm O2,

8 vpm 02 for check only) and on the other hand to high temperature water

(pure water, 0.4 ppm 02, 8 ppm 02 for check only).

2.2.2 The permeation will be measured under monotonic increasing strain and under

cyclic load at different temperatures and oxygen concentrations (identical with

the CERTs). The tests will be performed in high pressure hydrogen (240 to 288

°C, 9 MPa) and high temperature water (150 to 288 °C, 9 MPa).

2.2.3 The tests to determine the JR-curves and da/dN data will be performed accor-

ding to the single specimen technique at 240 and 288 °C with C(T)20 speci-

mens which are pre-cracked (fatigue) in air.

2.2.4 Compilation of the final report.

3 Experimental Facilities

A testing facility for tests in high pressure hydrogen as well as an autoclave

system with water refreshing loop for tests in high temperature water are

available at MPA Stuttgart. Both facilities will be complemented so that a sys-

tem for measurements of the permeating hydrogen can be adopted. The hollow

specimens will be exposed to the environment to be investigated (high pressu-

re hydrogen, high temperature water) and the permeation can occur into the

cavity of the specimen which is evacuated at the beginning of the test. The

amount of permeating hydrogen will be determined by means of the increase in

pressure on the vacuum side of the specimen or with a mass spectrometer.
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4 Computer Codes

Specific computer codes are not necessary to reach the general aim of the pro-

ject.

5 Progress to Date

ref. 2.2.2 Permeation measurements in oxygenated high temperature water as well as in

gaseous hydrogen were performed at 240 °C and 288 °C on hollow specimens

whose main dimensions were equivalent to the CERT-specimens. The permea-

tion rate of hydrogen during the conditioning phase, the monotonically increa-

sing period (CERT-test with limited load) as well as during the following cyclic

loading was determined for oxygenated (8 ppm 02, 9 MPa) high temperature

water. The permeation rate for gaseous hydrogen (pure H2, 8 vpm O2, 100

vpm 02) was measured without external mechanical load at 1.3 MPa and 9

MPa pressure. The tension tests with monotonically increasing strain as well as

with following cyclic loading in gaseous hydrogen were carried out at 1.3 MPa

and 9 MPa pressure.

ref. 2.2.3 It took some time to clarify the causes for the unforeseen unloading with test

termination during a J-R test in helium (240 °C, 9 MPa). After clearing of this

difficulty the J-R tests in helium as well as in gaseous hydrogen of always 9

MPa at 240 °C and 288 °C could be performed. A further J-R test for clarificati-

on of the influence of the crack opening velocity on the J-R curve was done at a

crack opening velocity of 3 x 10-3 mm s-1, differing from the tests described

before (crack opening velocity = 5 x 10-4 mm s-1). The cyclic crack growth

tests in helium and in gaseous hydrogen of always 9 MPa pressure could be

performed at 240 °C and 288 °C.

6 Results

ref. 2.2.2 The permeation measurements on hollow specimens in oxygenated (8 ppm

O2) high temperature water revealed a decrease in the permeation rate of hy-

drogen during the conditioning at 240 °C and 288 °C compared to 0.4 ppm 02

containing high temperature water. The permeation measurements on hollow

specimens in gaseous hydrogen of 240 °C and 288 °C with and without admix-
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ture of oxygen showed at both pressures (1.1 MPa, 9 MPa) a linear correlation

between the pressure in the measuring volume and the measuring time. In con-

sequence a time independent hydrogen permeation rate could be indicated for

the case without external loading. This hydrogen permeation rate increased

with increasing pressure. The following phase of monotonic strain and cyclic

loading caused an alteration of the hydrogen permeation rate measured without

external loading.

ref. 2.2.3 The comparison of the J-R curves determined in helium as well as in gaseous

hydrogen showed for 240 °C and 288 °C a distinct decrease of the J-R curve in

hydrogen compared to that in helium whereby the lowering by gaseous hydro-

gen was more pronounced at 288 °C. This is observed in analogous manner for

JIC, the substitute characteristic value for crack initiation, for the size of the

stretched zone and the value of Ji.phys, the J-integral for physical crack initiati-

on, determined using the stretched zone. The cyclic crack growth rate da/dN in

dependence on the amplitude delta K of the stress intensity factor K is higher at

240 °C in gaseous hydrogen than in helium, whereas at 288 °C no influence of

gaseous hydrogen was seen.

ref. 2.2.4 The final report was compiled.

7 Next Steps

8 Relation with other Projects

1500804, 1501019

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The overall objective of the project - in the framework of the reactor safety rese-

arch by the BMWA - consists in developing a core model with the potential to

meet the technical safety requirements, as described in RSK-LL of August

1986.

The model shall here be based on the system of neutron diffusion equations in

two energy groups. The project has to be viewed in front of the increasing intro-

duction of digital safety I&C in nuclear power plants. In the future, the related

use of computer technology will make it possible, to model processes inside the

nuclear reactor more exactly. The core model to be acquired here, could, e.g.

starting from the actual condition of the nuclear reactor, cyclically simulate cer-

tain incidents, like the loss of coolant flow. The results of the simulation could in

turn influence the process behaviour, by adapting corresponding limit values in

the safety I&C.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 s. Program of Work

2.2 Program of Work

2.2.1 Foundation of fundamentals on neutron diffusion, in particular on group diffusi-

on theory

[1-2].
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Examination, whether the parabolic neutron diffusion equations in two energy

groups can be transferred into the hyperbolic type by adding time-variable

parts.

2.2.2 Compilation of basics of multidimensional Kirchhoff networks. Graphical specifi-

cation of the neutron diffusion equations in two energy groups, with the aid of a

multidimensional Kirchhoff network.

2.2.3 Transfer of the acquired multidimensional Kirchhoff network into the space- and

time-discrete domain, with the aid of the wave digital filter principles [3-4]. De-

duction of construction rules for the synthesis of the desired algorithm.

2.2.4 Numerical integration of the neutron diffusion equations in two energy groups

by using the principles of wave digital filters.

In particular, clarification of the determination of the eigenvalue (inherent va-

lue), as well as of problems related to symmetry and boundary conditions.

2.2.5 Comparison of simulation results with acknowledged IAEA benchmark cases.

[1] Weston M.Stacey

'Nuclear Reactor Physics'

John Wiley & Sons, INC, 2001

[2] H.- W. Bock

'Ein analoges Diffusionsmodell für große DWR-Leistungsreaktoren zur Unter-

suchung zeitabhängiger Probleme der Leistungsdichteverteilung1

Dissertation, TU Braunschweig, 1972

[3] A.Fettweis

'Wave Digital Filters: theory and practice'

Proc. Inst, of Electrical and Electronic Engineers (IEEE), Bd. 74, S. 270-327,

Feb. 1986

[4] A.Fettweis, G. Nitsche

'Numerical integration of partial differential equations using principles of multidi-

mensional wave digital filters'

Journal of VLSI Signal Processing, Bd. 3, S. 7-24, Juni 1991

3 Experimental Facilities

none



2004 1501235 3/4

4 Computer Codes

AVS Express

5 Progress to Date

ref. 2.2.3 Transfer of the multidimensional Kirchhoff network into the discrete-space and

discrete-time domain.

Dimensioning of the corresponding components.

Derivation of nonlinear adaptor equations.

Fundamentals for the solution of nonlinear equation systems have been esta-

blished (Newton and fixpoint methods).

The investigations for the subject of solving nonlinear equations have been fi-

nished. Especially, simple examples have been realized on a computer.

Consideration of boundary conditions within the algorithm.

Consideration of symmetry conditions within the algorithm.

ref. 2.2.4 Knowledge concerning the programming with language C has been achieved.

First investigations concerning the visualization software AVS-Express were

done.

6 Results

ref. 2.2.3 The multidimensional Kirchhoff network, which has already been derived in the

last report period, has been transferred into the discrete-space and discrete-ti-

me domain. Thus a signal-flow diagram has been derived, which can be reali-

zed on a computer.

Especially the components of the signal-flow diagram have been dimensioned.

The computation of the physical values results in nonlinear adaptor equations,

which have been derived in this report period.

Furthermore, fundamentals of the solution of nonlinear equation systems have

been achieved.

The investigations concerning the subject of nonlinear equation systems have

been finished. The different methods have been realized on a computer and

the acquired knowledge concerning the programming language C could be ap-

plied.
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The boundary and symmetry conditions have been implemented in the algo-

rithm. Within the algorithm it will be possible to consider the already derived

boundary conditions as well as hard boundary conditions. The symmetry condi-

tion will allow to only simulate half of the reactor area.

ref. 2.2.4 Furthermore, first knowledge concerning the visualization software AVS-Ex-

press has been acquired.

7 Next Steps

ref. 2.2.4 In the following report period, further knowledge concerning the visualization

software AVS-Express has to be acquired. Especially the implementation of

user code will be interesting.

Furthermore, the implementation of the derived algorithm, in order to simulate

the neutron diffusion equations, has to be realized on a computer. Here, first of

all the homogenous reactor case has to be taken into consideration. The pro-

gram must be realized in such a way, that further extensions to the inhomoge-

nous case could be made easily.

8 Relation with other Projects

none

9 References

K.Ochs

'Electrical Circuit Representations of the Neutron Diffusion Equations',

The 47th IEEE Intern. Midwest Symposium on Circuits and Systems

(MWSCAS), 405- 408, Juli 2004.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Software in sicherheitsrelevanten Systemen unter Verwendung objektorientierter Ansätze
Arbeitsbeginn / Initiated

01.11.2000

Arbeitsende / Completed

31.01.2004
Berichtsdatum / Last Updating

18.01.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Institut für Sicherheitstechnologie (ISTec)
GmbH
Leiter des Vorhabens /Project Leader

Miedl, Horst
E-mail Adresse des Leiters des Vorhabens

Horst.Miedl@grs.de

General Aim

In the context of reactor safety research by BMWA, focusing on the research

areas "reliability of software-based systems" and "development of analysis

techniques for object-oriented systems", this project aims at developing syste-

matic methods in order to avoid, detect, remove and tolerate interface inconsis-

tencies, as well as to assess and evaluate the interface reliability achieved.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Avoidance of interface inconsistency

2.1.2 Demonstration of interface correctness

2.1.3 Detection and elimination of interface inconsistencies

2.1.4 Control of undetected interface inconsistencies

2.1.5 Assessment of interface dependability

2.2 Program of Work

2.2.1 Constructive methods for interface fault avoidance

2.2.1.1 Role of object-oriented concepts for interface description

2.2.1.2 Classification of interface inconsistencies

2.2.1.3 Evaluation and extension of existing methods for interface description

2.2.2 Analytical methods for interface fault detection

2.2.2.1 Methods for static analysis of interface consistency

2.2.2.2 Testing strategies for dynamic analysis of interface consistency
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2.2.2.3 On-line checks of interface consistency

2.2.3 Redundant methods for interface fault tolerance

2.2.3.1 Diverse modules

2.2.3.2 Methods for exception handling

2.2.4 Quantitative methods for interface reliability assessment

2.2.5 Compilation of the results in the final report

3 Experimental Facilities

none

4 Computer Codes

Rational Rose 2000, LDRA Testbed, CIP Tool.

5 Progress to Date

ref. 2.2.4 The examination of metrics which have been developed especially for object-

oriented components were completed with regard to their significance for the

quantification of interface consistency.

6 Results

ref. 2.2.4 The examined metrics are characterized by exploiting the structural elements of

object-oriented components. For this reason the object-oriented metrics can be

classified into metrics on methods level, metrics on class level, metrics on inhe-

ritance hierarchy and metrics on aggregate hierarchy. The metrics on methods

level are restricted to the measuring of the properties of single methods. The

metrics on class level extend this accordingly on the structural features of a

class and the metrics on inheritance hierarchy take into account the structures

arising from the inheritance (and abstraction). The metrics on aggregate hierar-

chy consider the relationship of classes among themselves (not to confound

with inheritance).

7 Next Steps

8 Relation with other Projects
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As far as reusable components are concerned, relationships are identifiable

with the project 1501104 "Development of methodical foundations for safety

analysis of pre-developed software for application in safety I&C of nuclear

power plants".

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501239
Vorhaben / Project Title

Critical Investigation to the Master Curve Concept for the Application to German Nuclear
Power Plants

Kritsche Überprüfung des Masterkurve-Ansatzes in Hinblick auf die Anwendung bei deutschen
Kernkraftwerken
Arbeitsbeginn / Initiated

01.06.2001

Arbeitsende / Completed

30.09.2004
Berichtsdatum / Last Updating

28.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer /Zuwendgsempf. / Contractor

Fraunhofer-Institut für Werkstoffmechanik
(IWM)
Leiter des Vorhabens /Project Leader

Siegele, Dieter, Dr.-Ing.
E-mail Adresse des Leiters des Vorhabens

dieter.siegele@iwm.fraunhofer.de

General Aim

In the framework of reactor safety research of BMWA the master curve concept

according to ASTM E1921 has to be investigated with respect to the applicabili-

ty to the safety assessment of German nuclear power plants. The theoretical

basis has to be proved and supported by materials mechanics investigations.

Experimental and numerical analyses for plant relevant materials have to crea-

te the basis for the application of the master curve concept to the safety as-

sessment.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Identification of transferable parameters relating to temperature, specimen size,

stress state.

2.1.2 Investigations of the influence of preceding ductile damage on cleavage initiati-

on.

2.1.3 Investigations of the statistical distribution of fracture parameters and to the va-

lidity range of statistical size effects.

2.1.4 Evaluation of a master curve to describe dynamic fracture toughness.

2.1.5 Metallurgical and SEM-investigations on fracture processes.

2.2 Program of Work

2.2.1 Testing of specimens:

- Basic characterisation of selected materials.
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- Fracture toughness experiments (different specimen geometries, interrupted

tests, different pre-fatigue load levels).

- Determination of cleavage fracture parameters.

- Determination of damage parameters from tensile and fracture mechanics

tests.

- Charpy tests, dynamic SE(B)-tests for determination of Kid.

2.2.2 Fractographic and metallographic investigations:

- Analysis of material microstructure.

- Investigation of the size distribution of grains and inclusions and of the frac-

ture surfaces.

- Evaluation of the stretch zone size, crack tip opening displacement and stable

crack extension.

- Evaluation of pores and micro-cracks on specimens which were unloaded be-

fore final fracture.

2.2.3 Numerical analyses:

- Analyses of tensile and fracture tests for determining cleavage and damage

parameters.

- Simulation and assessment of fracture tests concerning cleavage initiation.

- Evaluation of relevant local fracture parameters.

- Investigations on the influence of stress triaxiality on the fracture behaviour.

2.2.4 Statistical fracture models:

- Extension of a modified Beremin model for quantification of cleavage failure

proba-

bility.

- Application of the model to the fracture tests.

- Application of the concept to irradiated material.

2.2.5 Final report

3 Experimental Facilities

- Servohydraulic testing machines with online registration and climate cham-

bers for temperature range from -196°C to 800°C.

- Instrumented Charpy test facilities.

- Scanning electron microscope and conventional microscopes.
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4 Computer Codes

UNIX Workstations and LINUX PC, commercial FEM codes (ABAQUS, AN-

SYS, LS-DYNA, PAMCRASH, PAMSTAMP).

5 Progress to Date

ref. 2.2.1 The experimental program has been completed. In addition to the previous

tests, shallow crack SE(B)-specimens as well as larger C(T)- and

M(T)-specimens have been tested. The effect of the loading rate has been in-

vestigated.

ref. 2.2.2 The metallographic investigations of the tested specimens have been comple-

ted by a determination of the cleavage triggering locations of the larger and the

shallow cracked specimens.

ref. 2.2.3 The numerical analyses have been completed by a simulation of the recently

tested shallow crack SE(B)-specimens and the larger C(T)- and

M(T)-specimens. Wide range investigations regarding the effect of the local

stress state and the local constraint situation on the fracture behaviour have

been performed. The constraint situation has been quantified in terms of diffe-

rent two parameter approaches including the K-T-, J-Q-, J-h- and J-

A2-concepts.

ref. 2.2.4 The results of the fracture mechanics experiments have been evaluated in a

probabilistic analysis based on the original Beremin model and different modifi-

cations.

6 Results

ref. 2.2.1 The experimental results exhibit a distinct effect of the local crack front cons-

traint situation of the respective specimen type. Specimens with lower stress

triaxiality within the ligament yield lower reference temperatures than the use of

the permitted specimen types according to ASTM E 1921. The assessment of

experiments performed at different loading rates shows a possible decrease of

the fracture toughness with increasing loading rate and therefore an increasing

reference temperature TO with increasing loading rate. The quantification of the

effect based on the existing data base is difficult due to presence and interacti-
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on with other effects. Regarding the aspects of the functional form of the frac-

ture toughness reference curve ("master curve"), the assumed failure probabili-

ty distribution and the crack front length correction, the concept has been vali-

dated for the considered materials.

ref. 2.2.2 All specimens tested in the KJc experiments fail by transgranular cleavage wi-

thout significant ductile crack extension. Significant ductile crack growth prior to

cleavage is observed only at higher temperatures. For shallow crack speci-

mens, a slightly larger amount of ductile crack extension is observed due to the

larger amount of plastification of these specimens compared to their deep

cracked counterparts.

ref. 2.2.3 The assessment of the secondary fracture parameters within the considered

two parameter concepts shows that the effects of the specimen geometry can

be explained based on these concepts. Different methods for a constraint cor-

rection within the master curve concept and identification of a constraint neutral

reference temperature are proposed.

ref. 2.2.4 In a comparative analysis, different strategies for determination of the material

parameters in different versions of the Beremin model have been investigated.

A unique parameter identification requires the assessment of different speci-

men geometries with diffferent constraint situations. The obtained parameter

sets are transferable between different specimen geometries. In the upper ran-

ge of the transition zone, a significant temperature dependence of the parame-

ters is observed.

7 Next Steps

ref. 2.2.5 Completion of final report in progress.

8 Relation with other Projects

1501240: Critical examination of the master curve approach regarding applica-

tion in German nuclear power plants.

9 References

Final report:

Critical Investigation to the Master Curve Concept for the Application to Ger-
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man Nuclear Power Plants, Report No. S8/2004, Fraunhofer Institut für Werk-

stoffmechanik, Freiburg (in German).

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501240
Vorhaben / Project Title

Critical examination of the master curve approach regarding application in German nuclear
power plants

Kritische Überprüfung des Masterkurve-Ansatzes im Hinblick auf die Anwendung bei deut-
schen Kernkraftwerken.
Arbeitsbeginn / Initiated

01.06.2001

Arbeitsende / Completed

30.06.2005
Berichtsdatum / Last Updating

04.02.2005

Fördernde Institution 1 Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Materialprüfungsanstalt (MPA) Otto-
Graf-Institut der Universität Stuttgart
Leiter des Vorhabens /Project Leader

Roos, Eberhard, Prof. Dr.-Ing. habil.
E-mail Adresse des Leiters des Vorhabens

Eberhard.Roos@mpa.uni-stuttgart.de

General Aim

In the project the master curve concept - described in ASTM E 1921 - will be

compared with the German fracture toughness concept, see KTA. In addition to

this a fracture toughness concept for the whole temperature region will be pro-

posed.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Selection of material and experimental characterisation, determination of tem-

perature dependency and statistical distribution of fracture mechanics characte-

ristics, clarification of micro structural behaviour during unstable fracture, deve-

lopment of an avanced mixed damage model, check of validity criteria for the

master curve approach, fracture toughness concept for the whole temperature

regime.

2.2 Program of Work

2.2.1 Selection of a suitable material. Material sample extraction and preparation.

2.2.2 Basic characterisation of the chosen material in the temperature region from

the lower shelf up to the upper shelf of fracture toughness.

2.2.3 Experimental determination of the temperature dependency of fracture tough-

ness values by testing specimens of different sizes and geometries.

2.2.4 Experimental investigations for the determination of the statistical distribution of

fracture toughness values.
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2.2.5 Metallographic investigation to clarify the micro-structural processes at instable

crack initiation.

2.2.6 Verification of the experimental determined correlations by means of an exis-

ting database. Collection of new data for the database.

2.2.7 Investigation of influencing factors on the fracture toughness values by means

of finite element simulations using a damage model.

2.2.8 Verification of the current combined damage material model and if necessary

further development of the model.

2.2.9 Application of the concepts to irradiated materials and to dynamic material cha-

racteristics.

2.2.10 The master curve validity criteria should be approved by conducting experi-

ments and numerical simulations. A fracture toughness concept for the whole

temperature region will be proposed

2.2.11 Final report

3 Experimental Facilities

Tensile testing machines with varying load ranges

4 Computer Codes

ADINA, ABAQUS, PATRAN

5 Progress to Date

ref. 2.2.1 The material supply is finished.

ret. 2.2.2 The basic material characterisation is finished.

ref. 2.2.3 Fracture mechanics specimens with thickness up to 50 mm are completely tes-

ted. C(T) specimens with thickness B=100 mm and specimens with different

geometry (SE(T)) are prepared for testing (manufacturing and pre-fatigue).

Scanning Electron Microscopic investigations of fracture surfaces of the tested

specimens have been performed.

ref. 2.2.4 50 specimen were tested at T=-20°C (upper transition region) and 50 specimen

were tested at T=-100°C (lower transition region). Scanning Electron Microsco-

pic investigations of fracture surfaces of the tested C(T) specimens have been

performed.
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ref. 2.2.5 Scanning Electron Microscopic investigations of fracture surfaces of further

C(T) specimens have been performed. The cleavage fracture initiation spot on

the fracture surface of C(T)-25 specimens has been investigated by fractogra-

phy. The effect of the temperature should be addressed. Parallel to the metallo-

graphic investigations, FEM calculations have been performed to evaluate the

stress distribution and the influencing factors (temperature and ductile crack

growth). TEM investigations were done on a typical fracture surface to get infor-

mation about the dislocation density, the establishment of micro cracks as well

as the brittle phase distribution (e.g. carbides). The scanning fracture surfaces

of other specimens e.g. SE(B) or larger C(T)-specimen is in progress.

ref. 2.2.6 Small scale specimens have been produced and tested supplementing already

existing large scale tests, evaluation is in progress.

ref. 2.2.7 Six round notched tensile test specimens have been tested at room tempera-

ture to determine the appropriate Rousselier parameter set to define the materi-

al characteristic required for the damage mechanics model. C(T)-specimens

have been modelled and calculated to verify the selected set of damage model

parameters and the numerical results have been compared with experimental

data of C(T)-specimen tests.

The damage parameter were determined for the Beremin Model using results

from the 20 C(T)-specimens tested respectively at test temperatures of -100 °C

and -20 °C. The validation of these parameters has been done with the comple-

te data set with over 100 tested C(T)-25 specimen. The numerical investigation

of the influencing parameters (modelling, material model, stable crack extensi-

on, temperature, size and geometry) with damage mechanics FEM-calculation

is in progress. First results are already available.

ref. 2.2.8 The damage model parameters have been adapted for a coupled Beremin-

Rousselier-damage model to describe simultaneously both cleavage and ducti-

le fracture using the results of C(T) - specimens tests.

A comparison of the metallographic results was done with two and three-

dimensional FEM-calculation in order to investigate the cleavage initiation spot

and to analyse the weakest link postulation. The influence of the ductile crack

growth on the stress distribution has been investigated. The FEM-calculation of

the SE(B) specimen is in progress. The transferability of the determine damage
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model parameter has to be examined.

ref. 2.2.9 The available data were compiled and prepared for the application of the diffe-

rent concepts. At present the evaluations and computations are in progress.

ref. 2.2.10 Based on the already existing experimental results a concept has been drafted

for the whole relevant temperature range. The verification with new and additio-

nal results is in progress

6 Results

ref. 2.2.3 The reference temperature TO from the complete data set from C(T)25 (about

125 specimens, temperature distributed) is TO = -68°C. The upper shelf level of

fracture toughness of about Ji = 140 N/mm (KIJ = 180 MPaVm) is reached at a

about room temperature. The T0-values of SE(B) specimens with different

thickness and constant width W are corresponding. In comparison with the

T0-value from C(T) specimens they are shifted to lower values. This corre-

sponds to results from literature. The testing of SE(B) specimen 10*10 yields to

a temperature TO which corresponds to the TO of the C(T)25 specimens. This

result does not correspond to results from literature.

ref. 2.2.4 The reference temperature TO = -68°C from the temperature distributed C(T)25

data set (see 2.3) is approved only roughly by the evaluation of selected data

sets (50 specimens each) tested at -20°C and -100°C. The data set of C(T)

specimens tested at -20°C yields to a (formally determined) value of TO = -

72°C. The data set of C(T) specimens tested at -100°C yields to a value of TO =

-64°C. This shows that also for higher-than-average large data sets remarkable

shifts may occur for the different sets.

In the upper shelf region the scatter band of the initiation values of ductile crack

growth are clearly smaller than the scatter band of the instability values in ac-

cordance with the master curve concept.

ref. 2.2.5 The fracture surfaces of round tensile specimens tested at room temperature

demonstrate a dimpled structure typical for ductile materials. Therefore the

Rousselier-model can be applied. Inclusion causing voids can often be obser-

ved in the dimples. The inclusions consist mainly of manganese-sulphides.

The locations of fracture initiation for an unstable fracture can be detected. The

initiation spots are distributed over the whole specimen width. A temperature
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dependence cannot be stated. The distance of the cleavage initiation spot from

the crack front grows with increasing temperature as expected. The dislocation

density at the crack front is elevated.

ref. 2.2.6 Preliminary results determined from additionally tested SE(B)10*10 specimens

confirm the existing results of former investigations and supplement/confirm the

existing inter- or extrapolations of the course of fracture toughness versus tem-

perature.

ref. 2.2.7 The selected Rousselier-set of parameter was confirmed. The numerical calcu-

lations correlate very well with the experimental data, e.g. regarding the load

vs. crack opening behaviour respectively, the crack resistance curve.

The Beremin parameters show the expected temperature dependence. The

scattering decreases clearly with increasing temperature. The Weibull model

parameters have been fitted to the experiments tested at a low temperature.

The Weibull model predicts the fracture probability very well for low temperatu-

res. But at temperatures of the upper transition region, the postulated fracture

probabilities are far too low compared with the experimental findings. Investiga-

tions of the parameters affecting the fracture mechanics characteristic values

have shown that preceding stable crack growth affects the stress state ahead

of the crack tip.

ref. 2.2.8 Because of the new adjustment the Rousselier parameters are no longer of di-

rect relevance to the microstructure.

The distance of the cleavage initiation spot from the crack front scatters within

a certain temperature. The position of this spot is close to the area of the stress

maximum. Previous ductile crack growth before cleavage changes the stress

distribution and the stress triaxiality in the specimen close to the crack front.

The maximum of the stress in loading direction reduces, but the region of the

stress maximum is larger due to the stable crack extension.

The current coupled damage model shows no significant improvement of the

postulated fracture probability for temperatures in the transition region. Thus,

various Beremin model modifications are investigated. From the current state of

knowledge, a 3D-modelling including the side groove has no regardable influ-

ence on the material model parameters and thus on the postulated fracture pro-

bability. But the three-dimensional modelling allows a better investigation of the
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stress state in the specimen.

ref. 2.2.10 The proposed method in the transition range uses either initiation based values

KIJ (reference temperature TK1 OOinit) or instability based values KJc

(reference temperature TO) for the determination of an assessment curve. In

the upper shelf level the notch impact energy is used. The assessment curve

based on these values covers the whole relevant temperature range.

7 Next Steps

ref. 2.2.3 The remaining specimens (10 SE(T)25*50 and 2 C(T)100) will be tested and

evaluated in the first quarter of 2005. The fracture mechanics results are re-

cently transferred to the final report.

ref. 2.2.5 The fractographic investigations of the cleavage fracture initiation spot will be

completed in the first quarter of 2005.

ref. 2.2.8 Additional damage mechanics calculations and the further development of the

combined material model are in process and will be finished in the first quarter

of 2005. Subsequent, the numerical evaluation and verification of the validity

criteria of the master curve concept will be done.

ref. 2.2.11 The final report will be concluded at the end of the second quarter of 2005.

8 Relation with other Projects

Critical examination of the master curve approach regarding application in Ger-

man nuclear power plants, IWM Freiburg, FKZ 150 1239.

Focus: Investigations of mainly small bend specimens SE(B) 10x10 and not-

ched tensile specimens in the lower temperature region for the determination of

the cleavage fracture stress.

9 References

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

03.1
Förderkennzeichen / Project Number

1501241
Vorhaben / Project Title

External Validation of the Computercode ATHLET-CD with Selected Experiments

Externe Validierung des Programms ATHLET-CD anhand ausgewählter Experimente
Arbeitsbeginn / Initiated

01.04.2001

Arbeitsende / Completed

31.12.2006
Berichtsdatum / Last Updating

20.12.2004

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Ruhr-Universität Bochum - Fakultät für Ma-
schinenbau - Lehrstuhl für Energiesysteme
und Energiewirtschaft (LEE)
Leiter des Vorhabens /Project Leader

Koch, M. K.
E-mail Adresse des Leiters des Vorhabens

koch@lee.rub.de

General Aim

Investigations on the safety of light water reactors performed in the framework

of the national research program on reactor safety are sponsored by the Fe-

deral Ministry of Eco-nomics and Labour (BMWA). The simulation code ATH-

LET-CD is developed by the GRS mbH. It simulates the system processes of

LWR during transients, disturbances and accidents.

Both the code development, especially in terms of the late phase modelling,

and the expectance of an improved code quality make an external validation of

ATHLET-CD necessary. The validation is based on selected experiments to in-

vestigate phenomena of the late core degradation phase.

With respect to the valuation of the modelling of the core degradation phase the

project contributes to the ATHLET-CD development, particularly with regard to

external code users.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The intention is to improve the validation of the simulation code ATHLET-CD by

means of external post-calculations of selected experiments which serve for the

investigation of relevant phenomena of the early and late core degradation pha-

se. The validation program comprises restart calculations of the tests PHEBUS

FPT-0 and LOFT LP-FP-2, which have already been part of the former project

(BMWi 150 1037), and the simulation of seven tests not calculated as yet by
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RUB-LEE and of one failure sequence. From the test series PHEBUS the tests

FPT-1, -2 and -4 should be calculated and from the test series QUENCH this

should be done for the tests -03 up to -06. Regarding QUENCH-06, the partici-

pation in the International Standard Problem 45 (ISP-45) of the OECD/CSNI

pro-vides a blind calculation. After all, an entire system is simulated by calcula-

ting the plant failure TMI-2.

All tests as well as TMI-2 are very well documented and represent a close pool

to describe a failure run meaning the early and the late core degradation pha-

se. On the basis of the calculated results it is examined whether ATHLET-CD is

able to simulate the most relevant physical phenomena. Deficits have to be

identified, analyzed and mentioned to the code developer. The quality of the

code is evaluated by comparison of the calculated with the measured results.

Furthermore, the use of ATHLET-CD in the project allows to gain experience

referring to this code. Its documentation can be useful for code developers and

users in the future. The new calculations complete the validation program of

ATHLET-CD and mean a more secured and improved code version. Especially

for future questions of safety an improved code quality may be important for

proper forecasts regarding nuclear power plants behaviour. Last but not least

the job requirements of code handling and documentation to external users

ought to be clarified.

At the beginning of 2002 the duration of this project was extended for one year

without causing additional costs. By this, the implementation of the supplemen-

ted module MESOCO can also be analysed and assessed within the stipulated

project time. The participation in the ISP-46 has been admitted to the working

plan.

In October 2003 a new working package on "Contributing Work to Analyses

Regarding the Fission Product Release from Oxidizing Molten Pools" was ad-

ded to the working plan with a duration till December 31, 2006 and was applied

in the context of the initiative "conservation of expertise". It is aimed to investi-

gate the phenomenon of fission product release from a molten pool formed du-

ring the late phase of core degradation. The influence of oxidation reactions

with molten material has to be taken into account.

2.2 Program of Work
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2.2.1 Making available, analysis and interpretation of the selected "in-ves-

sel"-experiments and ascertainment of the initial and boundary conditions for

the simulation.

2.2.2 The validation-matrix consists of the following tests:

2.2.2.1 PHEBUS FPTO,

2.2.2.2 LOFT LP-FP-2,

2.2.2.3 PHEBUS FPT1,

2.2.2.4 PHEBUS FPT2,

2.2.2.5 PHEBUS FPT4,

2.2.2.6 QUENCH-tests:

2.2.2.6.1 QUENCH-05,

2.2.2.6.2 QUENCH-06,

2.2.2.6.3 QUENCH-03,

2.2.2.6.4 QUENCH-04,

2.2.2.7 TMI-2.

2.2.3 Valuation of the code quality on the basis of calculation results and assessment

of the potential of development.

2.2.4 Writing final report for the basis project.

2.2.5 Contributing Work to "Analyses Regarding the Fission Product Release from

Oxidizing Molten Pools":

2.2.5.1 Literature Research,

2.2.5.2 Model development,

2.2.5.3 Writing Final Report.

3 Experimental Facilities

The computer network at the department offers Sun Workstations, and Penti-

um4 PCs. Additional servers at the computer center of the Ruhr-University Bo-

chum are available.

4 Computer Codes

As possible the currently available version of ATHLET-CD was used for the si-

mulation.
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5 Progress to Date

ref. 2.2.1 An executable input data set for the calculation of the TMI-2 accident is availa-

ble for both, the code version 1.2E/1.1J and 2.0A/1.1K. The processing of mea-

suring data is finished. The detailed analysis of the accident, the modelling of

the plant and the sequence of events during the accident as well as first results

of the calculation are documented in the draft of 7th Technical Report, which is

internally reviewed at the moment.

ref. 2.2.2 ref. 2.2.2.2:

The calculation of the LOFT LP-FP-2 experiment is documented in the draft of

the 5th Technical Report, which deals with the comparison of the current re-

sults to the measured date of the experiment on one hand and the comparison

to the results within the project BMWi 150 1037 on the other hand. In parallel

the results were presented on the Annual Meeting on Nuclear Technology 2004

in Düsseldorf as well as on the 10th International QUENCH Workshop at For-

schungszentrum Karlsruhe (in comparison to the calculations of the QUENCH

tests -03 to -05 and first results of the TMI-2 calculations),

ref. 2.2.2.4:

The results of ATHLET-CD made with the code version 1.2E/1.1J were docu-

mented in the 6th Technical Report. Some results were presented on the Annu-

al Meeting On Nuclear Technology, Düsseldorf. Besides, they have also been

presented and discussed at the Bundle Interpretation Circle of the PHEBUS-

Meetings in Aix-en-Provence, France.

The phenomenon of a pronounced increase of CPU-time appearing for several

calculations when varying the oxidation factor OXXLIM or the mass flow rate

INFLOW of the coolant has been discussed with the code developers,

ref. 2.2.2.5:

The calculation of PHEBUS FPT-4 was performed with code version ATHLET-

CD 2.0A/1.1K. Despite changes of the input deck and the programming of sub-

routines of ATHLET-CD the test calculation could not be performed without pro-

gram stops when activating the melting and solidification module MESOCO so

that in accordance with the code developers the use of the module was skip-

ped. This made possible the calculation and analysis of the whole test transient
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(17.000 s). The preparation of the documentation of the test calculation is in its

finalising state,

ref. 2.2.2.7:

Calculations of the first 240 minutes of the TMI-2 accident were performed with

the program versions 1.2E/1.1J and 2.0A/1.1K using the late phase module

MESOCO and the modules FIPREM and SOPHAEROS describing the fission

product and structure material release as well as their transport and the deposi-

tion in the primary circuit.

First results of the TMI-2 calculations have been presented on the 10th Interna-

tional QUENCH Workshop at Forschungszentrum Karlsruhe,

ref. 2.2.5 ref. 2.2.5.1:

Analysis of experiments, theoretical approaches and models with respect to the

release of fission products, oxidic and metallic melts and oxidation phenomena.

6 Results

ref. 2.2.2 ref. 2.2.2.2:

Compared to the results of the project BMWi 150 1037, in which the quenching

phase could not be simulated, the complete transient phase of the LOFT LP-

FP-2 experiment of 1.800 s was calculated using ATHLET-CD 1.2D/1.1G. The

calculated data showed good results in comparison to the experimental data

concerning the thermal-hydraulics, the core behaviour, the hydrogen generati-

on before quenching and the fission product release.

The calculation of the structure material release (silver, stainless steel and cad-

mium) has indicated some problems using the code version 1.2D/1.1G, which

is already corrected in the current code versions.

The hydrogen production during the very short quenching phase is significantly

underestimated, which is probably caused by the high injection rate of coolant

during the quenching causing a too rapid cooling of the bundle in comparison to

the experiment.

The comparison of the code performance to the results of the project BMWi

150 1037 showed a further development of the current program version. The

CPU times were significantly reduced,

ref. 2.2.2.4:
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In general the calculational results agree well with the experimental results. The

test period of PHEBUS FPT-2 until the reactor shutdown lasted 19.740 s and

23.880 s including the subsequent cooling phase. The fissile length was 1000

mm.

Regarding the calibration phase (0 - 7.380 s) until the oxidation phase (8.520 -

9.660 s), inclusively, the fuel rod temperatures are calculated quite well for all

elevations excepting the upper part of the bundle. At level 800 mm the tempe-

rature is overpredicted since the pre-oxidation phase (7.380 s - 8.100 s) till the

end of the test, what mainly comes from a too strong temperature increase du-

ring the oxidation phase and a minor cooling after the temperature escalation

beginning at 10.700 s. At 900 mm the temperature is underestimated for more

than 100 K during the total test transient. But when changing the assignment of

the results of thermocouple 900 mm to 800 mm and vice versa, the experimen-

tal and calculational results match far better what affirms the experimenters'

guess that these thermocouples had been confused. Particularly for the mid-

levels the temperature is well predicted until the heat-up phase (13.860 -

19.740 s). Otherwise the temperatures are partly a bit above the measured

temperatures since ATHLET-CD calculates a somewhat overestimated maxi-

mum temperature as result from the temperature escalation after 10.700 s. Too

high calculated are the temperatures of the inner measuring points of the

shroud (0 90 mm). Temporarily the temperatures are 150 to 300 K too high

what points at deficiencies concerning the heat transfer to the outer shroud

what might be caused by an incorrect heat conduction within the inner shroud

layer. Anyway the temperatures on the outer surface of the shroud (0 96 mm)

are calculated satisfactorily.

The hydrogen production is simulated quantitatively well. A continuous release

rate is noticed in the experiment after about 8.300 s. ATHLET-CD simulates

this behaviour after about 8.000 s. Regarding the accumulated hydrogen pro-

duction the deviation of the code of 4 % is smaller with 113 g compared to the

109 g measured.

With respect to fission product and structure materials the release is calculated

satisfactorily. A mentionable increase is calculated after about 8.000 s. This re-

sult is acknowledged experimentally because mentionable activities were mea-
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sured inside the containment after 9.000 s. However the mass totally released

is overestimated. For example, in the experiment 2 - 8 % of Ba-140 were relea-

sed, with ATHLET-CD 19.6 %. Between 61 % and 65 % of the initial inventory

of Cs-137 were released in the experiment but 94.3 % in the calculation.

In respect of the parameter variations the mass flow rate INFLOW, the inlet

temperature INTEMP, the oxidation factor OXXLIM and the UO2 relocation

temperature TCOMPM were changed. Thereby it was shown that TCOMPM

and INFLOW influenced the time of fuel rod degradation in that way that their

variation by ± 20 % opened a time frame of 5 to 10 minutes. Moreover, the IN-

FLOW variation impacts the height of the temperature peak resulting from the

oxidation escalation process and leads to temperature differences of 200 K. IN-

TEMP and OXXLIM do not have an effect on the temperature evolution of the

fuel rods.

The amount of produced hydrogen is overestimated in the range between 2 %

and 5 % excepting OXXLIM. For that domain (between 10-6 and 106) which is

proposed in the manual the accumulated hydrogen production differs from the

measured released mass in the range 15 % to 8 %.

In respect of the fission product and structure material the released mass is

changed by only a few percents from the initial inventory after variations.

Parameter variations have a significant impact on the CPU-time. Normally cal-

culations needed between 20.000 and 30.000 CPUs. But some calculations

needed up to 270.000 CPUs, however, without implicating any tendency. The

assumption that the calculation of the oxidation or relocation process might be

relevant to the CPU-time could not be ruled out, however it also could not be

confirmed. Analyses indicated that the mass flow of the coolant affected the

CPU-time for the mass flow exhibited oscillations seeming accountable for the

enormous increase of the CPU-time. Indeed, if applying implicit problem sol-

vers in order to calculate thermo-hydraulic variables oscillations can arise when

the Jacobian matrix has not been regenerated oftentimes so that conditions

can emerge which cause numerical oscillations. Hence, the solution recom-

mended for this problem is to rebuild the Jacobian matrix frequently,

ref. 2.2.2.5:

The experiment PHEBUS FPT-4 is a debris bed test, which had to be modelled
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by implementing a rod geometry. Initial and boundary conditions were taken in-

to account as far as possible in order to define necessary input parameters and

to describe the test assembly. The debris bed is subdivided into the depleted

debris bed (DDB) and the enriched debris bed (EDB) above. Both are embed-

ded in a zircaloy canister which is surrounded by a shroud structure. The 120

mm high DDB and the 240 mm high EDB were modelled by 180 fuel rods ha-

ving a fissile length of 360 mm. The modelling criteria for determining the rod

geometry were the composition and masses as well as the porosity of the bed.

The results show that the model is appropriate to simulate the test. Until 8.000

s the calculated and measured temperatures inside the debris bed agree well.

After the power increase from 1.07 to 3.5 kW just before 8.000 s the experi-

mental temperatures of the lower part, e. g. at 50 mm having 1.000 K are over-

estimated up to 400 K, whereas in the upper part, e. g. at 322 mm they are un-

derestimated in the range of 10 %. In consequence of the predefined power

plateaus and mass flow rates the temperatures are calulated qualitatively well.

Differences with respect to the thermo-hydraulic results arise after 12.800 s be-

cause the formation of a bypass channel through the shroud in consequence of

a blockage could not be modelled for the shroud is defined as a solid heat con-

duction object in ATHLET-CD. The code calculates constant temperatures after

12.800 s correspondingly to the unchanged power and mass flow rate during

this time. In the experiment the temperatures increased in the lower levels be-

cause of the diminished convective heat exchange after the creation of the by-

pass there. But in the upper part the temperatures cooled slightly down. Just af-

ter the subsequent power increase and the attended relocation of molten bed

material top down the temperatures increased again. Regarding the temperatu-

res at the inner and outer shroud the calculated temperatures are close to the

measured ones.

The fission product release mainly occurs between 11.000 and 15.500 s, i. e.

when the power rises from 5.4 to 17.2 kW. For I, Xe and Cs the accumulated

release mass is calculated to 90 %, 93 % and 93 % related to the initial inven-

tory. Compared to the measurements it means that for I and Xe the release is 7

% too low, for Cs 9 % too much. Greater deviations arise for Sb, Ba and Te

which were released with 30 %, 35 % and 44 % in the experiment but 81.7 %,
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10.6 % and 90 % in the calculation,

ref. 2.2.2.7:

The use of the late phase module MESOCO led to an immediate abnormal ter-

mination at the first call of the module using both program versions 1.2E/1.1J

and 2.0A/1.1K. This fact was discussed with the code developers in detail. Up

to now there are two problems concerning the MESOCO module. The coupling

of the MESOCO module to the thermal fluid dynamics of ATHLET is not yet fi-

nished and in addition the MESOCO module is not applicable, if two-phase

coolant flow is emerging in the core. Using a special updated code version with

an improved coupling of the MESOCO module to ATHLET is was possible to

calculate 92 s of the accident's sequence after the first call of the MESOCO

module. At that point a special defined program stop was implemented.

The implementation of the FIPREM module calculating the fission product and

structure material release as well as the use of the SOPHAEROS module des-

cribing the fission product and structure material transport and deposition in the

primary circuit was possible with both program versions 1.2E/1.1J and

2.0A/1.1K, but led to substantially higher CPU times.

7 Next Steps

ref. 2.2.2 ref. 2.2.2.5:

After the clearance of the draft version the final version of the Technical Report

will be written and distributed. Results of the calculations should be discussed

in the context of the Network of Excellence SARNET.

ref. 2.2.2.7:

The obtained results of the calculations are evaluated in detail, particularly

compared to existing data, which were measured during the TMI-2 accident,

and documented in the next Technical Report. Results of the TMI-2 calculati-

ons should be discussed in the Network of Excellence SARNET.

ref. 2.2.3 Closing evaluation of the program system ATHLET-CD.

ref. 2.2.4 Preparation of the Final Report of the basis project.

ref. 2.2.5 ref. 2.2.5.1:

Continuation of analyses,

ref. 2.2.5.2:
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Formulation and discussion of the main topics and boundary conditions in order

to determine the modular structure of the module which is going to be develo-

ped.

8 Relation with other Projects

RS 1126 Continued development of the computer code system ATHLET/ATH-

LET-CD,

RS 1129 Molten core behavior in the severe accidents: lower head cooling.
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General Aim

The Containment code system COCOSYS is being developed by the Gesell-

schaft für Anlagen und Reaktorsicherheit mbH (GRS) for simulating all relevant

processes and conditions in the containment of light water reactors during se-

vere accidents. This project is closely coupled to the development and applica-

tion of COCOSYS and is part of the reactor safety research by the Federal Mi-

nistry of Economics and Labour. An important goal of the project at RUB/LEE is

to enlarge the validation basis of COCOSYS by external simulations of selected

experiments related to thermal-hydraulics, H2-distribution and -deflagration, ae-

rosol retention in water pools and radionuclide behaviour in the containment.

Among other things this will secure the quality of the new code. The selected

experiments were and are being performed at facilities of Battelle Ingenieur-

technik GmbH, Eschborn and Becker Technologies GmbH (BT), Eschborn, re-

spectively. Becker Technologies GmbH is included as a partner in the project.

The results of the simulations will enable to check to what extend the code CO-

COSYS is able to describe the most important physical phenomena as well as

their coupling and interference. By comparison of the results of simulations with

experimental measurements the excellence of the simulations by COCOSYS

will be estimated. Eventually existing weaknesses of the code and its models

can be identified, analysed and discussed with the code developer.

Particular Objectives and Program of Work
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2.1 Particular Objectives

2.1.1 The experimental facilities are analysed with regard to the development of the

modelling with COCOSYS. The data of the experiments are prepared to specify

start and boundary conditions and to give information of the experiment se-

quence. The experimental measurements are checked against plausibility and

uncertainties are accounted for. With the results of the simulations the quality of

the calculations by COCOSYS can be estimated and the state of the COCO-

SYS development as well as the potential for further enhancements can be de-

rived.

In detail it is planned to simulate the spray experiment PACOS Px1.2, the pool

heat-up experiment BMC Rx4, the HYJET Jx2-experiment for H2-distribution

and the H2-deflagration experiment BMC Ix9 with augmented steam content,

all carried out in the Battelle Model Containment (BMC). Furthermore the aero-

sol retention experiments EPRI Series 2, carried out at Battelle-Columbus,

USA, will be examined. Finally a test of the ThAI-experiments within ISP-47

"Containment Thermal-Hydraulics Computer Code Exercise based on TOS-

QAN, Mistra and ThAI Experiments", Step 2, will be simulated. By BT the expe-

riment VANAM M4 will be simulated. The selection of the experiments was ma-

de with view to a most effective enlargement of the COCOSYS validation basis.

In the following the validation matrix will be presented in more detail.

The PACOS (Passive Containment Cooling System) experiments performed in

the BMC, deal with containment cooling systems and containment sprays. Both

systems shall ensure a rapid reduction of the pressure and temperature within

the containment in case of a severe accident. The selected spray experiment

Px1.2 is suited to validate the modelling of spray systems and droplet streams,

where especially thermodynamic non-equilibrium models in connection with

drainage models for water films can be analysed.

In a loss of coolant accident hydrogen can be released into the containment. In

order to adhere to hydrogen concentrations below the ignition concentration a

large convection has to be ensured. The goal of the Rx4 sump heat-up experi-

ment was to proof that such a global convection within the containment could

be established even with low temperature differences and under unfavourable
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temperature stratifications. Furthermore the hydrogen mixing in the atmosphere

due to the convection was measured.

The HYJET-experiments comprise tests for and analyses of the hydrogen dis-

tribution within the containment. The goal of the experiments was the measure-

ment of, among others, the size of zones with critical gas mixtures. The test

HYJET Jx2, as the second test after the start-up experiment, forms the refe-

rence case for the following variations. Here, pure helium as substitute for H2

was ejected into the containment under ambient conditions with a low volume

flux. This leads to the formation of a helium plume, characterised by negligible

momentum forces at the injection nozzle compared to the buoyancy forces.

In the BMC I experiments the early ignition of H2-air-mixtures as a method to

avoid hefty burning processes within the containment is investigated also in de-

pendency of the spatial arrangement. The Test BMC Ix9 was selected, as it

models a larger steam concentration as the Test Ix2, which is simulated by the

COCOSYS developers.

In the EPRI pool scrubbing experiments series 2, performed at Battelle Colum-

bus (USA) the retention of aerosols in water pools was analysed in order to

establish a data base for numerical simulations of retention processes. The ex-

periments open the possibility to validate newer modifications of the COCOSYS

module SPARC B. Until the beginning of the project, only simulations with the

"stand-alone" version of SPARC B without coupling to COCOSYS have been

performed.

The ThAI facility gives the possibility to investigate the wall condensation, at-

mospheric stratification, natural circulation behaviour and related thermal hy-

draulics with most advanced measurement techniques. Here, the ISP-47 expe-

riment has to be analysed as a blind exercise in the frame of the International

Standard Problem.

BT simulates the experiment VANAM M4, performed within the Battelle Modell

Containment, for an enlargement of the COCOSYS validation matrix regarding

aerosol interaction processes.

2.2 Program of Work

2.2.1 Preparation and analysis of the selected experiments.

2.2.2 Generation of input files and performance of simulations.
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2.2.2.1 PACOS Px1.2

2.2.2.2 BMC Rx4

2.2.2.3 HYJETJx2

2.2.2.4 BMC Ix9

2.2.2.5 EPRI Series 2

2.2.2.6 ThAI - ISP-47

2.2.2.7 BT: VANAM M4-Simulation

RUB-LEE: Accompaniment and discussion

2.2.3 Discussion, assessment and review.

2.2.4 Final report.

3 Experimental Facilities

The computer network at the Department of Energy Systems and Energy Eco-

nomics offers high performance SUN and Pentium4 (PC) workstations. Additio-

nal servers at the computer centre of Ruhr-University Bochum are available.

4 Computer Codes

Always the actual version of the containment code COCOSYS is used.

5 Progress to Date

ref. 2.2.1 Analysis of selected experiments (BMC Ix9, EPRI Series 2, ThAI - ISP-47).

ref. 2.2.2 ref. 2.2.2.4:

Calculation of the experiment BMC Ix9 and analysis of the simulation results,

ref. 2.2.2.5:

Analysis and documentation of the simulation results of the experiment EPRI

Series 2.

ref. 2.2.2.6:

Analysis of boudary an initial conditions of the ThAI - ISP-47 experiment and

preparation of the input data set for the ISP-47 exercise.

Blind simulation of the experiment ThAI - ISP-47 (phase 1-4) and delivery of the

results to the coordinator BT. Adjustment of the boudary and initial conditions

after release of the experimental results for the phases 1+2 and renewed calcu-

lation of all phases with delivery of the results to BT.
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ref. 2.2.2.7:

BT: Parametric studies of hydrogen deflagration modelling. Simulation of the

resuspension test. Evaluation of results and comparison to measurement data.

Presentation at the Annual Meeting on Nuclear Technology 2004.

ref. 2.2.3 Continuous discussion, evaluation and assessment of the simulations, the pro-

gram system and its specific potential for further development.

Progress meeting on March 16th, 2004 of BT and LEE at RUB-LEE, Bochum.

6 Results

ref. 2.2.2 ref. 2.2.2.5:

The Pool Scrubbing experiments EPRI (Electric Power Research Institute) se-

rie 2 were conducted in USA by Battelle Columbus with the goel to analyze ae-

rosol retention in water pools.

The aerosol supply into the pool was performed both by means of a vertical tu-

be and by a lateral orifice, whereby in the simulations only the experiments with

regard to the vertical tube were analysed. By the use of large diameter vent pi-

pes these experiments are more realistic than the large number of other pool

scrubbing experiments, which were accomplished with a single injection hole.

The aerosol retention experiments in water pools of the EPRI Series 2 enable

to check and validate the new modifications in the COCOSYS-Module SPARC-

B, particularly since so far only simulations with a "stand alone" version were

accomplished by SPARC-B without integration into the COCOSYS overall sys-

tem.

The nodalisation of the six different experiments of the EPRI series 2 with verti-

cal tube feed is oriented at the simplicity of the experimental design. The most

important parameter, which is to be validated and should be assessed in the

calculations, is the decontamination factor.

In the pool scrubbing module an incorrect computation of the gas mass in the

primary bubble has been determined at the withdrawal from the tube, which led

to negative separation factors. Corrections were performed after consultation

with Becker Technology.

The simulations show an underestimation of the experimental data in most ca-

ses. Hence the validation results of SPARC-B as "stand alone" module are
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confirmed. Altogether it can be stated that SPARC-B supplies more or less the

same retation factors for a coupling with all three thermal-hydraulic zone mo-

dels existing in COCOSYS (EQUILIBRIUM, NON EQUILIBRIUM and DRA-

SYS). The minor differences can be neglected with view of the general uncer-

tainties of decontamination factors computations,

ref. 2.2.2.6:

The goal of the ISP-47 is the analysis of the wall condensation, the atmosphe-

ric stratification and the natural circulation as well as qualitative views of turbu-

lent diffusion and to examine the interactions between these phenomena. The

ThAI - ISP-47 experiment was performed in the ThAI facility with a cylindrical

steel vessel of 9.2 m height and 3.2 m diameter, with a total volume of approx.

60 m3 (fig. 1) in four sequences by Becker Technologies GmbH in Eschborn. In

the first experimental phase the helium was injected at a height of 5,8 m. In the

second as well as in the third experimental phase the steam was injected at 5,0

m and at 1.8 m height of the vessel. In the last phase no injection occurs.

For the blind simulation of the ThAI - ISP-47 experiment several nodalisations

were tested with different axial and radial division. In the mean time, the mea-

surement data of the first and second experimental phase (helium and upper

steam injection), released by the ISP-47 coordinator BT, were compared with

the calculations performed with a nodalisation consisting of 13 vertical levels

and 73 zones. They generally show a good agreement. The pressure was

slightly underestimated in the first phase. It coincides very well in the second

phase (fig. 2). Apart from a generally good agreement of most parameters so-

me deviations appear particularly with respect to the relative humidity,

ref. 2.2.2.7:

In order to simulate the hydrogen deflagration, several approaches with diffe-

rent specification of flame propagation paths and fictitious ignition locations and

times were tested. A satisfactory prediction of the maximum pressure peak as a

measure of the global energy release could not be achieved, because in all ca-

ses a too large fraction of the available hydrogen was not combusted. Only by

simulating a strongly simplified single zone deflagration with ignition at the out-

let vent the experimental pressure level could be reached. The calculated ther-

mal-hydraulic parameters at the end of the deflagration were transferred manu-
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ally to the 13 zones model for the simulation of the deposition processes of the

resuspended aerosols. The calculated aerosol deposition under dry atmosphe-

ric conditions corresponded well with the measurement data.

The comparison with the experimental results covers several thermal hydraulic

parameters, like

- pressure,

- temperatures of atmosphere, walls, and condensate water,

- flow velocities,

- relative humidity,

- sump water levels,

- heat transfer coefficients,

- condensate mass flow rates,

and the aerosol concentration.

Generally a good coincidence was obtained, but some deviations were obser-

ved, associated especially with the heat transfer coefficients and the sump wa-

ter distribution. While the sump water distribution could be corrected simply by

changing the drainage model logic, the improvement of the heat transfer model

requires more in-depth analyses.

ref. 2.2.3 A continuous discussion with the project partner Dr. K. Fischer/Becker Techno-

logies has been established.

7 Next Steps

ref. 2.2.1 Continuation of the analysis and the documentation of the simulation of results

of the selected experiments,

ref. 2.2.2 ref. 2.2.2.4:

Finalization of the simulation.

ref. 2.2.2.5:

Finalization of the documentation.

ref. 2.2.2.6:

Finalization of the simulation.

ref. 2.2.2.7:

Execution of calculations with modified parameters and documentation of the

work.
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ref. 2.2.3 Continuous discussion, assessment and review of the simulations, the code

system and the specific potential for further development,

ref. 2.2.4 Final report.

8 Relation with other Projects

No.
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Jahrestagung Kerntechnik 2004, Düsseldorf, Tagungsbericht S. 145-148, IN-

FORUM Verlags- und Verwaltungsgesellschaft mbH, Berlin.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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2

2.1

2.1.1

2.2

2.2.1

2.2.2

2.2.3

General Aim

In the framework of the reactor safety research of the Federal Ministry of Eco-

nomics and Labour (BMWA) one focus lies on the determination of the remai-

ning safety margins of nuclear power station components against operation and

incident-caused damage. Priority target of the reactor safety research is to de-

velop basic knowledge and scientifically secured methods for the realistic des-

cription of the processes for safety-relevant analyses and evaluations of actual-

ly operating plants, running under operation and incident conditions. Within this

objective the emergence is to be examined by defects (cracking) with the ma-

nufacturing by dissimilar weld joints.

Particular Objectives and Program of Work

Particular Objectives

Target of the project is to determine the factors of disbonding during manufac-

turing and to select the relevant factors of influence.

Program of Work

Numerical simulation of welding for different geometries of the seam and diffe-

rent welding parameters.

Production of dissimilar weld joints in particular with boundary parameters to

obtain defect free weld joints and weld joints with local disbonding.

Investigations to describe the defect state (non-destructive and destructive) and

the material state and to understand the failure mechanisms, determination of
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"weak regions" in the interface by means of mechanical testing of local material

regions.

2.2.4 Numerical simulation of precipitation processes.

3 Experimental Facilities

Equipment for non-destructive testing, testing machines to determine strength

and toughness properties, equipment for metallographical investigations, scan-

ning electron microscope, micro-probe, optical emission spectroscope.

4 Computer Codes

ABAQUS, ANSYS, THERMOCALC, DICTRA

5 Progress to Date

ref. 2.2.1 Numerical investigations continued. 3D-Simulation of buttering weld and anne-

aling continued and finished

ref. 2.2.2 Preparation of final report

ref. 2.2.4 Determination of further input parameters for the simulation of the diffusion pro-

cedures as basis for the computation of carbon depletion close to the fusion li-

ne. The carbon concentration nearby a ferrite/austenite interface was computed

at the temperature T=500°C as function of time and locus with the programme

DICTRA. As initial condition an even distribution of 0,21 %C became; 0,45%Cr;

0,70%Ni in the ferrite and of 0,071 %C; 17,4%Cr and 9,0%Ni in the austenite

use. Additional analyses were performed taking into account the elements Mn

and Mo, and later Si, S and P.

6 Results

ref. 2.2.1 The computations done without simulation of buttering weld process showed

that a smaller thickness of buttering gave higher stresses in the interface bet-

ween ferrite and buttering. Likewise a higher heat input during welding increa-

sed the loading in the inter-face and favours disbonding. The simulation of the

buttering process with the subsequent annealing for stress reduction predicts

now a rather constant, but high, level of residual stresses during the whole weld

process. The 3D-simulation showed only slight changes in residual stresses
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compared to 2D axisymmetric analyses.

ref. 2.2.2 The NDE accomplished with the subcontractor and the evaluation of the acou-

stic emission measurements performed by MPA Stuttgart during the welding

process gave no hints for defect indications to be reported. Detailed non de-

structive examination (NDE) performed in addition to the testing by the subcon-

tractor resulted in no indications which need to be reported according to pre-

sent Standards. A partly mechanised NDE performed at MPA Stuttgart has not

given any indications for material separation and is thus confirming the results

of the standard NDE testing procedure. Contributions to final report completed.

ref. 2.2.3 The destructive examination of all relevant regions confirmed the results of the

NDE. With the exception of few individual hot cracks no material separations

were found by metallographical investigation giving hints for disbonding. The

results of the Charpy-V-notch tests with specimens taken from the interface re-

gion between buttering and ferritic base material showed weak material regions

in case of the austenitic buttering, i.e. the crack propagates along the fusion li-

ne with low integral energy of about 30 to 40 J, which is significantly less than

for the ferritic base material and the austenitic buttering. The fracture surfaces

of the Charpy specimens have similar appearance as compared to the fracture

surface of the original weld where disbonding was observed. In Charpy speci-

mens taken from the interface of the Ni-based buttering, the crack propagates

immediately into the buttering and thus leading to high energy fracture of about

80 to 110 J. Separations along the interface were not observed. The quasistatic

tensile tests with subsize specimens show no anomalies in the interface region.

The strength properties of the interface region are slightly higher and the defor-

mation properties lower compared to the properties of the adjacent materials,

as expected. There are some clear indications that the welding parameters of

the buttering lead to slight but systematic differences in the properties of the in-

terface. The tests performed with integral specimens corresponding to present

Standards have not shown any abnormal behaviour.

ref. 2.2.4 At the ferrite/austenite interface a regime of increased carbon concentration

was found, where as a regime of decreased carbon contence was predicted in

the adjacent ferritic pipe. The simulation results stand in agreement with the ex-

periments, which likewise show a C-reduced zone in the ferrite near the inter-
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face. A carbide seam at the interface was found in experimental investigations.

This correlates with the increased C-concentration at this interface. Computati-

ons of the concentration profiles of Cr and Ni in o.g. Model show the expected

process and agree qualitative with the experiment. Analyses with additional ele-

ments show the development of other carbides, e.g. Mo carbide

7 Next Steps

8 Relation with other Projects

1501286: Fracture mechanics investigations for dissimilar welds.

9 References

Final Report Reactor Safety Research - Project No. 1501245

Investigations on Causes of Material Defects in Dissimilar Weld Joints during

Fabrication

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

An estimate of the current safety status of nuclear and other security-sensitive

installations must be possible at any time for the definition of technical, political,

and economic policies. Such estimates depend on the reliable determination of

fatigue damage in the components of these installations. Exploitation of the en-

tire lifetime is desirable since it is an important economic factor. At present, as-

sessment of fatigue damage and remaining lifetime of components is done

using commercial monitoring systems based on temperature sensors, strain

gages, as well as mathematical models. This monitoring is usually limited to

areas of known stress concentration determined in a stress analysis. However,

in cases of single events causing additional loads on the component (e.g. water

hammer during start-up), which were not considered in the design, there is the

question of how much of the component's lifetime was consumed in these

events. In order to increase the accuracy of monitoring systems for the remai-

ning lifetime for commercial components presently in operation, non-destructive

testing methods for easy and exact determination of fatigue damage are ne-

cessary. The aim of this project was to further consolidate knowledge about the

mechanisms involved in the process of fatigue in ferritic steel, and in particular

to study possible opportunities for early detection of fatigue damage using non-

destructive testing methods and analysis of fractal dimension of NDE data. The

results obtained in this study provide a foundation for the development of a new

technique for non-destructive evaluation of the remaining lifetime of compon-
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ents. Information about the actual degree of damage in a component can then

be used to identify critical parts and to define intervals for repeated inspection,

thus improving integrity and reliability of the supply of electric energy, which still

consists of a high portion of nuclear energy.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The aim of this project was a verification of the newly acquired concept of frac-

tal analysis for characterisation of material damage and its possible extension

into practical applications, and to create the necessary conditions for develop-

ment of procedures for non-destructive determination of the remaining lifetime

of nuclear components. In the analysis of fatigue damage in metals, it is assu-

med that deformation structures with fractal character develop in the material,

i.e. structural characteristics which reoccur on different length scales. A fractal

dimension DF is defined by the behaviour of these structures on different sca-

les. Investigations are concerned with the verification of fundamental state-

ments of the new concept for the steel 15 NiCuMoNb 5, important in power

plant construction, for different loading conditions (variation of temperature, cy-

cle shape, and sequence of combined loading).

The work was carried out in co-operation with the Fraunhofer-IZFP (EADQ) in

Dresden. MPA Stuttgart put its emphasis on the following goals:

1. Relevant loading conditions were to be ensured by sample selection and ma-

nufacture, as well as planning and implementation of the fatigue tests, in order

to be able to evaluate the practical relevance of the new procedure.

2. Investigations of the structural and mechanical characteristics in the process

of cyclic loading using conventional methods shall confirm that the statements

about development of the fractal dimension are in accordance with existing ex-

perience.

3. Applying the fractal analysis to the measured quantities is an attempt to as-

sure the reliability of statements about fractal dimensions. On the basis of prac-

tical experience from the test results, the development of NDT procedures shall

be critically accompanied and conclusions to be drawn for appropriate test re-
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gulations.

2.2 Program of Work

2.2.1 Sample preparation and preliminary tests

manufacturing of specimens, fatigue tests for the determination of the crack in-

itiation curves

2.2.2 Interrupted and continuous fatigue tests

temperature similar to service, influence of batch, cycle shape

2.2.3 Structural and property characterisation using standard techniques:

Metallography, optical microscopy, in-situ measurements using eddy current

and poten-tial-drop probes

as well as extended structural analysis:

Thermography, ultrasonic surface waves, acoustic emission, laser scanning

techniques

2.2.4 Compilation of the results in the final report

3 Experimental Facilities

Universal mechanical testing machines with high temperature capabilities

Metallographic laboratory, scanning electron microscope with EDS additive and

image processing

Laser Scanning microscope, Speckle interferometer

Ultrasonic probe with analyser

Acoustic emission with analyser

Multi-frequency eddy current probe, x-y-scanner

4 Computer Codes

none

5 Progress to Date

ref. 2.2.1 The preliminary fatigue tests for obtaining the crack initiation curves were alrea-

dy completed before 2004. However, additional values from the fatigue tests for

NDE on 15 NiCuMoNb 5 and 22 NiMoCr 3 7 (a low copper steel of otherwise

similar composition) were included in the existing curves.

ref. 2.2.2 Strain controlled Low Cycle Fatigue tests were performed at room temperature
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with 1 % strain amplitude and a strain rate of 10%/min. The test were interrup-

ted at 10, 50, 80, and 100% of the typical fatigue life, yielding sets of speci-

mens with different degrees of damage. In similar fashion, fatigue tests at

300°C and at 150°C were interrupted at different percentages of the typical fa-

tigue life with strain amplitudes of 0.4% and 0.7% at strain rates of 3%/min and

10%/min. These specimens were sent to the IZFP Dresden to be used for fur-

ther non-destructive examination. In order to study the influence of strain rate,

specimens were tested at room temperature with strain amplitudes of 0.4% and

1 %, respectively, varying the strain rate from 3 to 6%/min and applying different

numbers of load cycles. Later, the low cycle fatigue test were continued exclu-

sively in the form of so-called online tests or step tests, which had proven to gi-

ve a more exact relation between NDE data and consumed lifetime. In the onli-

ne tests, NDE techniques are applied during the fatigue test, continuously or in

distinct intervals, while the specimen remains in the machine. In the step tests,

the loading is done stepwise, a step corresponding to a certain number of load

cycles, with typically nine steps to crack initiation. The specimen is taken out of

the machine after each step to apply different NDE techniques. Both test me-

thods were applied to 15 NiCuMoNb 5 and the low copper steel 22 NiMoCr 3 7

at different strain rates and amplitudes. The online tests were performed in co-

operation with the IZFP during a project meeting at the MPA Stuttgart.

ref. 2.2.3 The specimens from interrupted fatigue tests were investigated with a multi-

frequency eddy current probe. This probe was also used in the step tests, to-

gether with an ultrasonic surface wave probe and liquid dye penetration testing

for surface crack detection. During the online tests, in addition to Barkhausen

noise data, the high-frequency eddy current signal was recorded at two fre-

quencies as a new parameter for analysis of fractal dimension DF.

ref. 2.2.4 The final report is in progress; a preliminary version was submitted in Decem-

ber 2004.

6 Results

ref. 2.2.1 The S/N curves obtained are within the scatter band of the examined steel

WB36 and show a rather broad distribution of the number of cycles until failure,

i.e. crack initiation. This results in a large error in the determination of the typi-
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cal fatigue life of a specimen, and emphasizes the need for a technique which

allows the detection of the degree of damage in components. The values for

the fatigue life of the 22 NiMoCr 3 7 specimens are also within the typical range

for WB36.

ref. 2.2.2 The LCF tests were completed by the end of the project period.

ref. 2.2.3 As expected, the step tests show a better correlation between NDE data and

consumed lifetime in comparison to the interrupted tests due to elimination of

uncertainties in the value for the typical fatigue life of the specimen. Thus, for

evaluation of techniques for non-destructive determination of the remaining life-

time, step tests should be the preferred method. Penetration testing, eddy cur-

rent, and ultrasonic methods show clear changes in the signals with increasing

number of load cycles. In the case of the eddy current data, however, the clear

trend in the early stages of the fatigue life is not continued until the end of the

test. This might be caused by the influence of microcracks on the eddy current

signal, which has yet to be determined. The analysis of fractal dimension of the

obtained NDE data was done at the IZFP Dresden.

7 Next Steps

ref. 2.2.4 Since the project period ended by the end of September 2004, the next steps

are limited to completion of the final report and discussion of possible options

for a transfer of the results into the development of a robust NDE technique that

can be used for the evaluation of the remaining lifetime of nuclear components.

8 Relation with other Projects

1501087 Service induced changes of properties of copper-containing ferritic

pressure vessel and piping steels,

co-operation with EADQ/Dresden

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The evaluation of the actual safety status of nuclear as well as of other safety-

relevant industrial plants must be viable at any time in order to allow technical

and politico-economical measures be taken in time. It entails the reliable deter-

mination of any fatigue damage of the plant components. In this context, com-

pletely exploiting the entire life span is an important economic factor. In order to

increase the accuracy of today's commercially available component surveillan-

ce systems in predicting the residual service life, non-destructive testing me-

thods are required that are able to determine material fatigue easily and exact-

ly. In this sense, an analysis concerning the fractal character of deformation

structures is promising. It introduces a new practical approach to the characteri-

zation of metal fatigue.

Important premises for the application of such a meso-mechanic concept in

practice could be accomplished by transferring our results from former exem-

plary investigations to other relevant steels used in power plants, Thereby, the

basic hypothesis concerning the relation between fractal dimension and fatigue

damage would be confirmed. The planned examinations are to verify the new

testing concept for steel 15 NiCuMoNb 5, widespread in the power plants. The

tests should be carried out at different loads, which are similar to the typical

operating and loading conditions in a plant.

Besides clarifying the basic material science questions, the measuring proce-

dures have to be validated and a frame for developing procedures for the non-



2004 1501247 2/10

destructive determination of the residual service life of nuclear plant compon-

ents has to be formed.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The project is carried out in close co-operation with MPA Stuttgart, which is re-

sponsible for the sample preparation, for performing practice-relevant fatigue

tests as well as for critically supervising the new testing method regarding relia-

bility and usability in practice. The particular objectives of Fraunhofer EADQ

Dresden are:

a) By comprehensive structural analyses of samples with different fatigue da-

mages, the assumptions of the meso-mechanic concept are to be confirmed

and scientifically analyzed.

b) The statistical relevance of the experimentally determined values of the frac-

tal dimension has to be improved by comparing the results gained from diffe-

rent analysis methods. Additionally, the local fluctuations of the values of the

fractal dimension are to be analyzed with regard to their implications for the ex-

amination of components.

c) To verify technical possibilities of developing a practicable non-destructive

testing method for combination with classical service#life predicting models. In

particular, potential insights shall be extracted from the fractal dimension, which

is computed from the noise behavior of different measuring variables.

2.2 Program of Work

2.2.1 Continuation of methodical works to obtain robust algorithms for an estimation

of the fractal dimension of fatigued materials. Test of multifractal approach for

fractal model curve superposed with random noise and of the influence of ma-

gnetic excitation on the results of fractal analysis. Comparison of fractal analy-

sis with integral parameters of the Barkhausen noise measurements for a se-

lected specimen.

2.2.2 Measurements of the magnetic Barkhausen noise for samples from interrupted

fatigue tests with increased operating temperature. On-line measurements of

Barkhausen noise as well as eddy current noise during continuous fatigue tests
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with different fatigue load both for the material 15 NiCuMoNb 5 and for the steel

X20. Determination of the fractal dimension from magnetic Barkhausen noise

signals and comparative view of the results for both kinds of noise and materi-

als, examined so far.

2.2.3 Summarizing the results and elaboration of the final report

3 Experimental Facilities

Metallographic laboratory, optical microscope Neophot (company Carl Zeiss

Jena), atomic force microscope (AFM) - including magnetic force microscopy

(MFM), special loading devices for in-situ measurements with AFM, INTROS-

CAN (Company DIAGNOSTICS Minsk) with new sensors for real time measu-

rements and for rotating the magnetisation field electronically, two HP and Le-

Croy oscilloscopes for recording and storage of the acquired Barkhausen noi-

se, X-ray diffractometer XRD 300 PTS (company Seifert).

4 Computer Codes

Data evaluation software integrated in the AFM (company Digital Instruments),

OriginTM for data evaluation and presentation, MathCADTM for signal proces-

sing, algorithms for computation of the fractal dimension (own development),

Paint Shop ProTM for image processing, image processing system IMAGE-C

(company Aquinto).

5 Progress to Date

ref. 2.2.1 Evaluation of the multifractal analysis for the fractal "now flake" Koch curve with

superposed random noise signal and discussion of the results. Investigation of

the influence of the magnetic excitation on the results of the fractal analysis.

For that purpose the Barkhausen noise signals were measured for an as prepa-

red and a fatigued sample (N/NA = 80 %) applying various magnetic excitation

current changing the amplitude and excitation frequency.

To apply the new fractal approach to a case with more practical relevance a CT

specimen of the material 22NiMoCr 37 was selected. This specimen was cycli-

cally loaded until a crack of 10 mm length was observed. With a raster of 10x10

mm2 the magnetic Barkhausen noise were taken up with magnetization along
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and transverse to the crack direction. In the framework of the diploma work on

"Characterisation of fatigue damage by Barkhausen noise and Poisson num-

ber" the evaluation of earlier measurements with the CT sample were comple-

ted and supplemented by measurements with a new sensor, which permits the

rotation of the magnetisation direction electronically. The results for the fractal

dimension of the Barkhausen noise time series were compared with new inte-

gral parameters of the same noise signals.

ref. 2.2.2 For a series of as prepared samples and for seven samples, which were fa-

tigued with T = 300 °C, the magnetic Barkhausen noise signals were measu-

red. Light-microscopic and AFM images were not used, since the surfaces ex-

hibited too strong corrosive change in the increased temperature regime. In the

same way a further series of samples was investigated after fatigue tests at

temperatures of 150 7300 °C, with strain amplitudes 0,4 % and 0,7 % and

strain rates of 4 %/min.

On-line Barkhausen noise measurements during continuous fatigue tests were

performed at the MPA in Stuttgart to study at first the influence of load se-

quences and of slow-fast-load. In a second series of on-line experiments samp-

les of the standard material 15 NiCuMoNb 5 and of steel X20 were investiga-

ted. In this case besides the Barkhausen noise the eddy current signals were

detected. Results of the fractal analysis for selected experiments are available

now, however, because of the large number of all measuring data the evaluati-

ons are still under way.

6 Results

ref. 2.2.1 For the confirmation of the efficiency of the multifractal method on use of Bark-

hausen noise time series, presented in the last report, this method was applied

to a fractal "snow flake" Koch curve superimposed by stochastic noise (see fig.

1). Using the modified difference autocorrelation function C(n,q), defined in fig.

1, the fractal behaviour occurs in the form C(n,q) ~ Co + C1 n a(q), from which

a q-dependent fractal dimension DF(q) = 2.5 - a(q)/q can be derived. As it can

be seen in fig. 1 the influence of random noise on the fractal dimension disap-

pears progressively for increasing values of the exponent q and the accurate

value of DF for the "snow flake" curve results from the limit q~>infinity.
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Using this evaluation method it was shown that the fractal dimension of the

Barkhausen noise signal depends on the strength of magnetic driving force. For

too small magnetisation current the Barkhausen noise cannot be separated

from the random electronic noise and DF-->1.5 typical for a series of random

numbers. In the opposite case of too large excitation fields the correlation bet-

ween the magnetic and deformation structure will be lost hence DF~>1 inde-

pendent of the number of cyclic load. Consequently, optimal excitation conditi-

on has to be found in preliminary tests.

The results for the fatigued CT-specimen are presented in fig 2 and 3. The

mappings of the fractal dimension and the RMS value of the Barkhausen noise

signals are shown in fig.2. As it could be expected the maximal DF-values were

obtained in the vicinity of the crack but not directly at the crack. The stress re-

lease there reduces partially the DF-value. However, at other places no ob-

vious correlation between the RMS values as a measure for the residual stres-

ses at the specimen surface and the value of fractal dimension as a measure of

fatigue damage were observed. On the other side both quantities together cha-

racterize the state of the material in the neighbourhood of a crack quite well

and can be applied for evaluation of the fatigue damage. Additionally it was

found that the position of the crack tip can be clearly indicated by the angle of

the orientation diagram rotation (cf. fig. 3).

ref. 2.2.2 The interrupted and continuous fatigue experiments yielded a large number of

data, for which the final evaluation is not finished. This will be done in the final

report. Here some essential findings will be summarized. To prove the applica-

bility of the fractal approach to other materials, fatigue samples of the steel X20

are investigated (see fig. 4). The found dependence of the fractal dimension on

the number N of cyclic load behaves similar to that obtained fort he so far con-

sidered austenitic and ferritic reactor steels. The drop down of DF and the

RMS-values at log(N/NA) > -0.5 was caused by the appearance of a crack as it

was found for continuous fatigue experiments with 15 NiCuMoNb 5, earlier.

The analysis of the eddy current noise signals was performed by the help of the

power spectrum. Because of the overlap of periodic high frequency excitation

and noise in the same frequency region, the autocorrelation function method

fails to work. A separation of both contributions in the eddy current signal can
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be made by the model ansatz described in fig. 5. Then the fractal dimension

can be derived from the exponent "a" using the relation DF = 2.5 + a/2. Apply-

ing this model to the measured data of the steel X20 sample both parameters

DF and p show characteristic changes for increasing the number of load (see

fig.5). An obvious correlation in the behaviour of these parameters with the

fractal dimension derived from the Barkhausen noise (cf. fig. 4) was found. To

draw final conclusions further investigations are necessary, however, this is al-

ready beyond the frame of the current project. The obtained fractal features of

the eddy current signals offer quite good arguments, to incorporate eddy cur-

rent noise for residual life time evaluation of components.

7 Next Steps

ref. 2.2.3 Finishing all analyses and evaluations and preparation of the final project report

ct until April 2005.

8 Relation with other Projects

1501246: Co-operation with MPA Stuttgart,

1501087: "Service-induced changes of the properties of copper-containing fer-

ritic pressure-vessel and piping steels"

9 References

J. Schreiber, Evaluation of fatigue damage by fractal analysis of Barkhausen

noise, Status Report, Project No. 150 1247, Powerpoint presentation at PKKV-

Meeting (Köln, 30.03.2004)

U. Cikalova, Characterisation of fatigue damage by Barkhausen noise and

Poisson ratio, Diploma thesis (will be published, TU Dresden, Institute for Mate-

rial Science, 2005).

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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V
\ .

Fig. 2: Above the CT-sample with the marked raster of about 1 cm step size. The red I
ne indicates the existing crack as a result of cyclic load. Below: RMS values (left) and
fractal dimension of Barkhausen noise measured at the CT-sample surface
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Application of Soft Computing Methods for non-invasive Supervision on Boiling Water Reac-
tors

Anwendung von Methoden des Soft Computing zur nichtinvasiven Zustandsüberwachung an
Siedewasserreaktoren
Arbeitsbeginn / Initiated

01.08.2001

Arbeitsende / Completed

31.03.2007
Berichtsdatum / Last Updating
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Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor
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Hampel, R., Prof. Dr.-Ing. habil.
E-mail Adresse des Leiters des Vorhabens
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General Aim

In the framework of reactor safety research of the BMWA, a research project

will be worked out for supervision and diagnosis of the process state in boiling

water reactors, using methods of Soft Computing (Fuzzy Set Theory, Artificial

Neural Networks etc.). The Soft Computing methods will be used in combinati-

on with a new water level measurement system. The project aim consits of

identifiying early alterations of the process state with safety - or availability-rele-

vant consequences. The developed new non invasive water level measurement

system operates completely diverse to the hydro-static water level measure-

ment on the basis of the detection internal gamma radiation (FMDIG) with con-

ventional or optical sensors at boiling water reactors. The synergy

- of intelligent procedures and methods of the information processing,

- of new developments in sensor technology,

- of enhancement computer technology performance,

- of using digital control technology with enhanced visualisation options

increases possibilities of supervision and diagnosis for safety-relevant proces-

ses. Foundations will be created for development and application of new dia-

gnosis and supervision methods in safty-relevant systems. Criterions and stan-

dards will be derived to assess the technical realization and effectiveness of

these new methods. The application of Soft Computing methods at existing

nuclear power plants in Germany contributes to enhancement of safety culture
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and competence maintenance.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Knowledge- and data basis generation using non invasive measurements

(FMDIG) and operation measuring data

2.1.2 Development and test of suitable knowledge presentation procedures using

Soft Computing methods

2.1.3 Analysis and development of procedures and structures for safety-related eva-

luation of Soft Computing methods

2.1.4 ATHLET - simulations

2.1.5 Test and evaluation of non invasive supervision for selected operation states

and transients

2.2 Program of Work

2.2.1 Knowledge- and data basis generation using non invasive measurements

(FMDIG) and operation measuring data

(1) Installation, commissioning and test of the second measurement system

(FMDIG)

(2) Analysis of operating data

(3) Derivation of correlations between measured data of different measurement

systems and operation states

(4) Definition of dominate process parameters for significant operation states

and transients

2.2.2 Development and test of suitable knowledge presentation procedures using

Soft Computing methods

(1) Analysis of Soft Computing methods and algorithms for the knowledge pre-

sentation (Artifical Neuronal Network, Fuzzy Set Theory)

(2) Selection of suitable methods based on data structures and process corre-

lations

(3) Structure definition of the supervision concept (combination of methods, de-

finition of input and output parameters)

2.2.3 Analysis and development of procedures and structures for safety-related eva-
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luation of Soft Computing methods

(1) Safety-related evaluation based on characteristic fields concepts

(2) Safety-related evaluation using internal structures of knowledge presentati-

on in Artifical Neuronal Networks

2.2.4 ATHLET - simulations

(1) Modification of the plant model and specific adaption to the measurement

system FMDIG

(2) Recalculation of transients and simulations of transients and accidents

(3) Evaluation of the process state and providing of process parameter

(4) Extension of the data basis and process knowledge

2.2.5 Test and evaluation of non invasive supervision for selected operation states

and transients

(1) Definition of representative scenarios for the procedure tests

(2) Procedure validation for defined scenarios and predication generation of lo-

cal/global operation states based on present process information and genera-

ted knowledge basis

(3) Result verification of non invasive supervision (presention of the validity

area) and plausibility check of supervision prediction

(4) Concept formulation for presentation/visualisation of supervision results

2.2.6 Final report.

3 Experimental Facilities

- FMDIG at the RPV wall (NPP Brunsbüttel)

- Lab facility VSFMDIG (Zittau)

4 Computer Codes

- Thermal hydraulic-Code ATHLET

- Data analysis program DataEngine

- Data registration and analysis with LabView

- Simulation program DynStar with Fuzzy Shell

- Excel modules for the data analysis and parameter calculation

5 Progress to Date
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ref. 2.2.1 Repetition of selected experiments with altered geometry at the lab facility

VSFMDIG.

ref. 2.2.2 - Preparation and test of standardisation algorithms (water level and power

standardisation) for the vertical gamma radiation distribution, applied on the lab

facility database VSFMDIG.

- Water level modelling/calculation (plenum - and annular space water level)

from the measured vertical gamma radiation distribution with different mathe-

matical methods:

* non-linear regression methods with using of a gamma radiation model,

* Takagi-Sugeno-Model (Fuzzy-Set-Theory),

* artificial neural network (multilayer perceptron network),

* Interpolation methods.

- Verification of the models with the lab facility FMDIG database,

- Model comparison and sensitivity analysis.

ref. 2.2.3 Application of the developed evaluation criterions of a MLP (weight factor, cor-

relation weight, weight degree) on the functional correlation gamma radiation

distribution - water level from the database VSFMDIG

ref. 2.2.5 Conception of the reference object FMDIG

6 Results

ref. 2.2.1 By changes (variation) of the lab facility conditions (VSFMDIG), ambiguities in

the vertical gamma radiation distribution could be reduced. With it, the annular

space- and plenum water level can be well defined.

ref. 2.2.2 The standardisation of the vertical gamma radiation distribution accentuates

water level alterations (characteristics). Gamma radiation source distribution al-

terations depending from linear proportional reactor power alterations can be

recognized and corrected by using standardisation.

The analysed mathematical methods for the water level calculation from the

measured gamma radiation distribution are applicable as FMDIG-algorithms.

The methods quality is dependent on the data structure and available input in-

formation.

If exist a physically well-founded model as well as a model (neural network, Ta-
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kagi-Sugeno fuzzy model) from the experimental data for the gamma radiation

distribution (inputs are the water levels and outputs are the vertical gamma ra-

diation distribution), then can be carried out the water level calculation with

non-linear regression methods. For the water level calculation (inputs are the

vertical gamma radiation distribution and outputs are the water levels) two soft-

computing-methods (neural network, Takagi-Sugeno-model) and two interpola-

tion methods were developed.

The both interpolation methods (inverse-distance weighting and sub area ap-

proximation) are based on the extensive database. The verification of these

methods with the database from the lab facility shows good results. The water

level calculation error (approximately 2 cm) are comparable with the errors of

the hydro-static water level measurement.

ref. 2.2.3 The developed MLP evaluation criterions (weight factor, correlation weight

.weight degree) determined from the separate weights are a gage of the corre-

lation between the input and output variables. These evaluation criterions have

the same significance like the correlation coefficient determined from the lear-

ning data. The accordance of correlation weight and correlation coefficient is a

indication that the data correlation is reproduced in the weights of the MLP. The

analytical investigation led to the result, that the universality of the evaluation

criterions is restricted in dependence of the database. If the data are complete-

ly and equally distributed in the database (the state space is described comple-

tely with the database) than the evaluation criterions satisfy the correlation pre-

diction between input and output variables. With non-uniform distributed or in-

complete database the evaluation criterions are conditionally applicable for

MLP quality.

ref. 2.2.5 The reference object FMDIG includes the hardware (gamma radiation sensors,

measurement recording) for measurement of the vertical gamma radiation dis-

tribution outside the reactor pressure vessel, signal preprocessing software and

software for the water level calculation. The verification of the reference object

FMDIG was realised with the experimental database of the lab facility VSFM-

DIG.

7 Next Steps
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ref. 2.2.6 report conclusion (final report)

8 Relation with other Projects

1501103, 1501204, RS 1073, RS 1074, OECD Halden Reactor Project

9 References

[1] Förster, T.; Fleischer, S.; Hampel, R.

"Versuchsanlage zur Nachbildung eines diversitären nichtinvasiven Füll-

standsmessverfahrens an Siedewasserreaktoren" Kerntechniktagung 2004

[2] Gocht, T ; Kratsch, A.

"Datenbasis FMDIG/KKB" Technischer Fachbericht, HS Zittau/Görlitz, IPM,

2004

[3] Renger, S.

"Untersuchungen zur Verarbeitung von Prozessdaten mit dem Ziel der

Merkmalsextraktion", Praktikumsbericht, HS Zittau/Görlitz, IPM, 2004

[4] Hampel, R.; Fleischer, S.; Kästner, W.;Traichel, A.; Förster, T.; Gocht.T.;

Wagenknecht, M.; Gocht, U.

"Methoden zum Füllstandsmonitoring"

Technischer Fachbericht, HS Zittau/Görlitz, IPM, 2004

[5] Hampel, R.; Kästner, W.; Förster, T.

"Bewertung der Netzgüte eines MLP mittels Gewichtsanalyse"

Technischer Fachbericht, HS Zittau/Görlitz, IPM, 2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The project is part of the German Federal Ministry of Economics and Labour#s

research programme. The aim of the programme is to provide suggestions for

improving the behaviour of both existing as well as innovative reactors during

fast nuclear transients. Possible solutions for ensuring the integrity of fuel ele-

ments subjected to severe transient conditions shall be worked out by compa-

ring existing and innovative reactor fuel designs Strategies aimed at both limi-

ting the fission product release from the fuel elements as well as limiting the im-

pact of fast transients by improving the fuel element and reactor core design

are to be investigated.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Text fehlt

2.2 Program of Work

2.2.1 Neutron physics calculations for fuel elements and reactor core.

2.2.2 Mathematical model for fast transients using point kinetics.

- Point kinetics model with global feedback

- Point kinetics model with global feedback and time dependent heat transport.

2.2.3 Space time dependent coupled neutron thermal-hydraulic modelling of the re-

actor core.

2.2.4 Calculations using point kinetics and 3D thermal-hydraulic analysis.



2004 1501253 2 /4

- Variation of key parameters: Doppler coefficient, void coefficient, moderator

temperature coefficient, heat capacity, fuel enrichment, boron concentration,

excess reactivity

- Determination of energy release in the fuel.

- Determination of maximal temperatures

2.2.5 Determination of the number of control elements whose ejection would lead to

the destruction of the reactor core.

2.2.6 Application of the calculation model for existing and innovative reactors.

2.2.7 Compilation of the results in the final report.

3 Experimental Facilities

none

4 Computer Codes

The Computer Code VSOP which has been developed at Forschungszentrum

Jülich is available for reactor core neutron physics calculations. The WIMS Co-

de (Versions WIMSD4-ANL and WIMSD5) as well as the SCALE computer co-

de are available for general neutron physics and nuclear safety related calcula-

tions. Shielded cross sections can be generated using the SCALE modules

BONAMI, NITAWL and XSDRNPM. These cross sections can be handed over

to other computer codes. Monte Carlo criticality calculations can be carried out

using the SCALE modules KENO V and KENO VI. The Monte Carlo code

MCNP allows both radiation transport and criticality calculations. Temperature

dependent cross sections for MCNP can be generated using the NJOY Code.

The coupled neutronics thermal-hydraulic calculations are carried out using the

DYN3D computer code of Forschungszentrum Rossendorf. The mathematics

Package MAPLE is used for mathematical modelling.

5 Progress to Date

ref. 2.2.1 Reactivity coefficients (Doppler, moderator, void) have been calculated for fuel

consisting from UO2 and with SiC-cannings. The reactivity values of control-

rods have been calculated. Optimisation of core layout regarding power distri-

bution and enrichment distribution. Validation of the program DYN3D with re-
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spect to benchmark values,

ref. 2.2.2 Evaluation of fast transients in hot channels; estimations regarding the integrity

of fuel rods. Comparison between point kinetic-models and DYN3D-models.

ref. 2.2.3 Calculations for SiC-containing fuel pellets including changes of parameters

caused by irradiation effects,

ref. 2.2.4 Estimation of energy released in extreme fast nuclear transients; comparison to

values known from literature (espec. Russian sources).

ref. 2.2.5 Analysis of reactivity accidents in LWR-cores assuming loss of 3 rods. Calcula-

tion of power, fuel temperature and energy. Analysis for the accident of fast

loss of boron poisoning in the coolant,

ref. 2.2.6 Calculation of different reactivity transients in LWR cores (DELTA K = 2 Betta,

different times for loss of reactivity, zero power, full power).

6 Results

ref. 2.2.1 Conventional UO2-fuel elements as well as SiC- canned fuel showed always

negative fuel coefficients and mostly negative moderator-coefficients. The effi-

cient of rods is higher in case of SiC-canning compared to UOX-fuel.

ref. 2.2.2 Hot channels require specific attention regarding fast nuclear transients. Point

kinetic models show dependence from important parameters, 3D-cflculations

are necessary to get quantitative results for practical application.

ref. 2.2.3 To get usable results the data of irradiated materials included in fuel design ha-

ve to be used.

ref. 2.2.4 Extended calculation using the DYN3D-program were in good accordance with

results from different world wide used codes. As example the critical boron con-

centration was used. Benchmark calculations play an important role comparing

computer codes and making contributions to validation.

ref. 2.2.5 The fuel temperatures in case of fast reactivity accidence for fuel rods with and

without SiC-canning depend strongly from the number of control rods which are

assumed as ejected from core.

ref. 2.2.6 The behaviour of a LWR-core in case of extreme reactivity accident (cold sub-

critical, DELTA k = 1.5 BETTA) showed for different speeds (corresponding to

a time of ejection of 0.1; 0.5; 0.9 sec) that fuel temperatures would stay below

1250 °C.
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ref. 2.2.7 The project is finished. A final report is written.

7 Next Steps

ref. 2.2.7 The results are evaluated; the methods and main insights are used in a project

in the HGF-community as a part of the Program of conservation of competence

in nuclear energy.

8 Relation with other Projects

none

9 References

1) Aygozhiev, Kanat: Impact of Improved Fuel Elements on Reactivity Transi-

ents in LWR. Report in Jahrestagung Kerntechnik. 21 Mai, 2003, Berlin

2) Aygozhiev, Kanat: Impact of Improved Fuel Elements on Reactivity Transi-

ents in LWR. Report in Jahrestagung Kerntechnik. 27 Mai, 2004, Düsseldorf

3) Kriger, Sergey: Wärmetransport in innovativen LWR-Brennelementen mit Di-

spersions-brennstoff - Auswirkungen auf schnelle nukleare Transienten. Report

in Jahrestagung Kerntechnik. 27 Mai, 2004, Düsseldorf

4) Aygozhiev, K. ; Kriger, S. ; Zucker, A. ; Knoche, D. : "Berechnung von extre-

men nuklearen Transienten in wassergekühlten Reaktoren". Publication in

Kerntechnik (is preparing).

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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1 General Aim

The embrittlement of the reactor pressure vessel due to the neutron radiation

near the reactor core is a highly safety relevant phenomenon. This is especially

true for the VVER-type reactors. Recently, the embrittlement estimates are very

conservative and do not base on an approach derived from the physical under-

standing of the fundamental mechanisms.

The project supports the BMWi research programme of the nuclear safety in

the topic components safety and integrity assessment. It is part of the bilateral

scientific and technological cooperation between Germany and Russia.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The project is directed towards studying fracture mechanisms and mechanics,

microstructure-property relations and microstructural evolutions with the aim to

develop a physical model of the radiation embrittlement under VVER-type ser-

vice condition. The results of mechanical tests and microstructural analyses

help to adapt and to verify the model.

2.2 Program of Work

2.2.1 Development of an analytical model of the ductile brittle transition temperature:

The model is based on the interaction of the crack with an ensemble of disloca-

tion barriers of differently scaled sizes.

2.2.2 Experimental and theoretical investigation of the kinetics of the radiation defect

evolution:



2004 1501256 2 / 3

Structural analyses by means of small angle neutron scattering (SANS) experi-

ments are to be carried out. Irradiated model alloys, Russian surveillance spe-

cimens and specimens from the irradiation programme Rheinsberg II are to in-

vestigate by means of the SANS method. Characteristic structural parameters

are to be determined.

A kinetic model of radiation defect evolution is to be developed. The kinetic mo-

del predicts the type, size and number density of the radiation defects in depen-

dence on the radiation parameters and the chemical composition of the materi-

al.

2.2.3 Correlation between model prediction and experimental results:

Available results regarding the microstructural evolution and the irradiation-indu-

ced changes of the mechanical properties are to be compared with the predicti-

on of the model developed according to 2.2.1 and 2.2.2. The mechanical tests

and the microstructural investigations are carried out at the same set of speci-

mens.

3 Experimental Facilities

SANS experiment are to carry out at SANS devices of the large scale facilities

in Germany and EU.

Laboratories for handling and testing of radioactive materials are available at

FZR.

4 Computer Codes

Software for the simulation model is to be developed. The finite element pro-

gramme ANSYS is available for the macroscopic simulation.

5 Progress to Date

ref. 2.2.2 Development of a model for simulating the kinetics of irradiation induced de-

fects based on a Monte-Carlo-Algorithm (LKMC - lattice kinetic Monte Carlo).

6 Results

ref. 2.2.2 The Monte-Carlo Model is capable of simulating the remaining microstructural

changes initiated by neutron induced cascades of atom motion in a Fe-Cu sys-
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tern.

7 Next Steps

ref. 2.2.2 Extension and adaptation of the Mont Carlo Model of the kinetics of irradiation

induced de-velopment of precipitates

ref. 2.2.3 Comparison of SANS results and results from MC simulation.

8 Relation with other Projects

150 1260 "Wissenschaftlich-technische Zusammenarbeit des FZR mit Rußland

auf dem Gebiet der Sicherheitsforschung für KKW"

9 References

None.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

For the case of an assumed core melt, the reactor pressure vessel (RPV) is

subjected to a load beyond design value, which can endanger the integrity of

the pressure vessel structure. According to the investigations done in the Ger-

man risk study - Phase B (DRSB, BMFT research project RS 0576) - tempera-

ture of the RPV can reach the melting temperature of the reactor steel. In this

case, to describe the deformation and failure behaviour of the PRV detailed

knowledge on the material behaviour under realistic load conditions is necessa-

ry (gradients of the temperature and the stress). Structural mechanics calculati-

ons, which not only involve boundary conditions from above mentioned investi-

gations between Debris and RPV-wall but also the assumption on cooling that

arises under certain loadings conditions in the RPV-wall, show the necessity of

an accurate analysis of deformation and damage behaviour in order to assess

and predict the behaviour during the above mentioned scenario. Therefore this

project is aimed to improve the description of material behaviour based on ma-

terial laws given from preceding projects and the knowledge taken from investi-

gations focused on the deformation behav-iour under high temperature and loa-

ding. The purpose of these projects is the develop-ment of a material law for

22NiMoCr3-7, which is adequate to the material description of 20 MnMoNi5-5,

whereby the deformation mechanisms and the damage behaviour have to be

taken into account. At temperatures up to 1200 °C and - under consideration of

the design for these materials at low temperatures - extreme high loading, large
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plastic deformations are caused, which are dominated by dislocation proces-

ses. Moreover high-temperature-creep occurs, depending on several mecha-

nisms like diffusion controlled processes and thermal activated sliding and

changes the dislocation density and sub-structure. To refine the description of

the material behaviour for high loading in the short-time range, additional tests

and investigations on the microstructural behaviour are planned. The results

will be used to fit the material laws that consider the various defor-mation me-

chanisms. The failure causing processes, which are dominant in the range of

tertiary creep, can meanwhile be described by damage models, which allow to

consider the changes of the microstructure. With these new approaches it is

possible to take the influence of the multiaxiality of the loading and the defor-

mation history on the failure behaviour into account. Based on the data and

material laws from the previous project, more accurate and extended material

laws will be developed for 20MnMoNi5-5 and 22NiMoCr3-7 to describe the de-

formation and failure behaviour for temperatures up to 1200 °C. To validate and

assess the material behaviour and the developed material laws, high-

temperature-tension-tests have to be carried out for different strain rate and

temperatures. Material laws will be validated by comparison the of the simulati-

on and experimental results for multi-axial creep test, which have been carried

out on pressurized hollow cylinders, whereby the validation values are the de-

formation and the failure behaviour. The results will be the basis for extended

structure analysis of a RPV during a core-melt-accident and will participate in

the framework of investigations on interactions between Debris and the RPV-

wall.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 see 2.2

2.2 Program of Work

2.2.1 Establishment and validation of material laws for RPV material 20MnMoNi5-5

and 22NiMoCr3-7 for temperatures up to 1200 °C

2.2.2 Supplementary test for validation of material laws, in particular for high tempe-
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ratures up to 1200 °C

2.2.3 Investigation on the deformation and failure mechanisms to perform a more ac-

curate description of the initial deformation and the failure time. Therefore tests

with defined loading and temperature history will be carried out. The tests are

followed by subsequent metallographic investigations using light-microscope,

REM and TEM.

2.2.4 Choice of a deformation and time dependent damage model. Implementation of

the damage model into the material laws, considering into account the interacti-

ons between the multiaxiality of the loading, the deformation and the failure me-

chanisms.

2.2.5 Verification of material laws. There fore muliaxial tests will be simulated. To va-

lidate the material laws, numerical and experimental results are compared.

2.2.6 Compilation of the results in the final report

3 Experimental Facilities

Universal-test-devices for high-temperature-range, thermo-mechanical test-

system

Gleeble 2000, metallographic lab, REM combined with EDS device, image pro-

cessing, TEM combined with picture processing.

4 Computer Codes

Commercial Finite-Elemente-Codes ABAQUS and ANSYS, Optimization Routi-

nes to fit Material Model Parameters

5 Progress to Date

ref. 2.2.1 The development and the verification of the preliminary material law for both

materials has been carried on and the model has been extended for the higher

temperature range up to 1200°C.

ref. 2.2.2 The tests have been continued. Some necessary improvements for the test en-

gineering of the test-system Gleeble were implemented.

ref. 2.2.3 Tests with different constant strain rates have been carried out for the whole

temperature range. Subsequent metallographic investigations using light-

microscope, REM and TEM have been systematically planed and carried out.
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ref. 2.2.4 The concept to describe damage behaviour has been implemented and impro-

ved by us-ing the test results of the supplementary tests. The optimization of

the model parameter for the material model including damage behaviour has

been improved for both materials. Finite Element calculations have been made

for the verification of the damage model.

ref. 2.2.5 Simulations of multi-axial tests have been carried out to validate material laws.

6 Results

ref. 2.2.1 The development of the preliminary material laws for both materials were com-

pleted by using additional experimental data and the models are applicable,

even for the high temperature range.

ref. 2.2.2 The improvements for the test engineering of the test-system Gleeble were im-

plemented and were successful. The test results for the high temperature tests

are completed and fit systematically into the already existing material data.

ref. 2.2.3 The characterisation of the damage process has been improved by systematic

metallographic investigations using light-microscope, REM and TEM. At very

high temperatures, the materials show some obvious changes in the mi-

crostructure depending on the cooling rate after fracture. The quantification of

the damage contributions has been started.

ref. 2.2.4 The visco-plastic material law has been further developed for the high tempera-

ture range. The strain rate dependence was improved using subsequent tensi-

on tests. The optimisa-tion of the model parameters leads to more detailed des-

cription of the material behavior.

ref. 2.2.5 The application of the damage parameter for the consideration of multiaxiality

was vali-dated and the implementation into the material law was further develo-

ped. The model formulation has been improved by simulating multiaxial tests.

The model results show a good agreement with the experimental measure-

ments.

7 Next Steps

ref. 2.2.1 The development of the preliminary material laws has been finished.

ref. 2.2.2 The tests will be completed.

ref. 2.2.3 The systematic metallographic investigations using light-microscope, REM and



2004 1501257 5 /5

TEM for the better understanding of the deformation and failure mechanisms

within the materials will be proceeded and completed. The results for the dama-

ge contributions will be discussed quantitatively.

ref. 2.2.4 The development of the visco-plastic material model including damage parame-

ters will be completed using the quantitative damage results from the metallo-

graphic investigations. The optimisation of the model parameters will be finis-

hed.

ref. 2.2.5 The multiaxial test results will be used to improve the modelling of the damage

behaviour within the material law.

8 Relation with other Projects

1501254 "Beitrag zur Modellierung der Schmelzerückhaltung im RDB nach

Verlagerung von Corium in das untere Plenum: Berechnung des Temperatur-

feldes und der visko-plastischen Verformung der Behälterwand"

Cooperation with Forschungszentrum Rossendorf, Institut für Sicherheitsfor-

schung

9 References

keine

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne



2004 1501259 1 / 1 0

Berichtszeitraum / Period

2004
Klassifikation / Classification

02.1
Förderkennzeichen / Project Number

1501259
Vorhaben / Project Title

Analyses of innovative reactors with new safety quality

Sicherheitsuntersuchungen zu Druckwasserreaktoren mit Th/Pu-Mischoxid-Brennstoffen
Arbeitsbeginn / Initiated

15.04.2002

Arbeitsende / Completed

31.12.2004
Berichtsdatum / Last Updating

01.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Rheinisch-Westfälische Technische Hoch-
schule Aachen - Lehrstuhl für Reaktorsicher-
heit und -technik
Leiter des Vorhabens VProject Leader

Kugeler, Univ.- Prof. Dr.-Ing.
E-mail Adresse des Leiters des Vorhabens

kugeler® lrst.rwth-aachen.de

General Aim

Within the scope of nuclear safety development of BMWA, safety analysis of

using thorium based plutonium-mixed oxide fuels (Th,Pu-Mox) in existing ther-

mal nuclear power plants are investigated in this project. With this fuel a step in

the direction to evaluate the possible plutonium transmutation and avoidance is

made. In the middle and long term time period of a final disposal the transurani-

um elements (TRU) neptunium, plutonium americium and curium are the domi-

nating elements in the view of hazardous potential. Especially plutonium with a

weight percentage of about 90% of this group is a well-founded base for the

strategies of TRU reduction. Because of the reason that plutonium is used for

nuclear weapons, the project provides a contribution in proliferation issues. Just

the long half-life of Pu-239 (24000 years) creates a long existing proliferation

hazard of final disposals which are filled with these nuclear residual. The princi-

ple of the pressurised water reactor (PWR) is established in many nuclear

power plants and therefor the realisation of a plutonium reduction in these reac-

tor types means a quick conversion possibility in time aspects.

The aim of this project is therefore the investigation under which conditions a

fuel change towards the alternative Th/Pu-MOX fuels in PWRs is possible. The-

reby the focus is lying on the influence of the safety parameters of the core and

on a useful strategy for loading the core. Further analysis refer to the transmu-

tation possibilities of the TRUs in comparison to the U/Pu-Mox fuels and to fuel

cycle and implementation strategy aspects.
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2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 text fehlt

2.2 Program of Work

2.2.1 Evaluation of computational tools for thorium based fuels.

2.2.2 Burn-up analysis for thorium based fuels

2.2.2.1 Burn-up studies

2.2.2.2 Feed back coefficients

2.2.3 Investigations of Th/Pu-MOX-PWR fullcores

2.2.3.1 Fuel management schemes

2.2.3.2 Insert of minor actinides

2.2.3.3 Feed back coefficients, control rod worth coefficient analysis

2.2.3.4 Hazardous potential of the residual

2.2.4 Compilation of the results in the final report.

3 Experimental Facilities

none

4 Computer Codes

The computer codes THERMIX-DIREKT, TINTE, SCALE-4, MCNP-4c2, MON-

TEBURN-5B and VSOP are available in the Institute of Safety Research and

Reactor Development (ISR 2) of the Research Center Juelich and will be used

to carry out the analysis mentioned above.

5 Progress to Date

6 Results

ref. 2.2.3 To analyse the insert of minor actinides, special (Th,Am)O2-pins are loaded in-

to the assembly. Through previous analyses (Project: 15 NU 0953) it becomes

clear that for a core loading with (Th,Pu)O2 fuel the moderator volume to fuel

volume fraction for an optimal kinf is about 3,49. This needed fraction can be

optained with a 14x14-16 core configuration. The core data can be find in table
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1.

The enrichement of the (Th,Pu)O2 fuel is 7,1%. The exact isotopic vectors and

the nuclide densities are also shown in figure 1.

Like in the case of the optimisation of transmutation with different fuel manage-

mant schemes a quater of the assembly with reflecting boundary conditions is

simulated. The central position contains the (Th,Am)O2 pin. The mass of the

americium follows from a burn-up of 60 MWd/kg of the core with (Th,Pu)O2 fuel

and with a decay of 7 years. The whole mass of Americium in the core is

256,24 kg. For a pin per simulated assembly the mass is 408 g. With the fuel

volume of 192,76 cm3 and the heavy metal density of 8,25 g/cm3 the needed

mass of thorium can be calculated. The Th-mass is 1182g. Figure 1 shows the

composition of the (Th,Am)O2-pin. The weight percentage of thorium is

74,35%.

The mass reduction of the Am in the (Th,Am)O2-pin is 128 g. This reduction is

equal to a percentage of 68%. On the core level the mass of Am reduces from

256,24 kg to 175,84 kg. A look to the three isotopes Am241, Am 242 and

Am243 shows that the Am241 is mostly reduced. Am242 and Am243 are build

up. The whole burn-up of the assembly doesn't change significantly with the

(Th,Am)O2-pin. Indeed the burn-up in the pins which surround the central pin is

a little bit lower as the needed burn-up of 60 MWd/kg however the pins at the

edge of the assembly compensate the loss of burn-up.

In a second step we change the diameter of the (Th,Am)O2 pin. The analyse

enfolded the diameters 0,42cm, 0,60cm, 1,10 cm and 1,4cm. The pin with the

smallest diameter contains nearly only americium. The largest diameter is a re-

sult of the maximal possible value concerning the geometrical dimension of the

pincell. The weight percentages of the Am-isotopes are shown in figure 2. The

burn-up shall also be 60 MWd/kg. Wihtin the analyse of the results it becomes

clear that the relative consumption rate Delta_mAm/m_Am_initial increase with

value of the diameter. With the smallest diameter we achieve a Am consumpti-

on of 60,3%. With the largest diameter 72,4%. This indicates a net destruction

of Am in the (ThAm)O2-pin.

With an increasing diameter the spectra becomes harder and as a conse-

quence the alpha-value of the isotopes Am241 and Am242 increase. In con-
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trast to this the also in regard to the proliferation and long-time toxicity relevant

Pu is build up with the build up of Cm which comes from the successive decay

of Am.The Pu amount increase from 105g to 141g. Though we can state that

the advantage of a destruction of Am with an increasing diameter goes along

with a build up of Pu.

Figure 3 indicate the consumption rate of the TRU for the smallest and largest

diameter. Beside the mass difference figure 3 shows the consumption concer-

ning the optained energie in kg/GWath. The maximal reduction of the minor ac-

tinides with the largest diameter is 46,85%. When we look at the TRU with Pa

and U the favorit diameter is the smallest one. There the reduction is about

10,6%. The burn-up of two diameters is shown in figure 4. An addition to this

the table point out the burn-up without the (Th,Am)O2-pin. With increasing dia-

meter the burn-up reach 99,66-15,24 MWd/kg. The average burn-up of the

(Th,Pu)O2 pins isn't influenced. He varied between 60,83 and 60,39 MWd/kg.

The average burn-up of the whole assembly decreases wih an increasing dia-

meter from 61,26 to 55,5 MWd/kg. This means that the burn-up of 60 MWd/kg

can be reached also with the use of (Th,Am)O2 pins when the diameter of the

(Th,Am)O2 pin isn't larger as 0,82cm.

In this context we analyse also two-zone pellets [(Th,Am)O2+(Th,U)O2]. Wihtin

this examination the following variation are analysed. 8 pins + 16 pins with a

(Th,Am)O2-zone with a diameter of 0,21cm and a driving zone with 0,7cm. In

addition a (Th,Am)O2-zone with a diameter of 0,54 cm and 0,41cm. The analy-

se shows that the burn-up in the (Th,Am)O2-zone is different. In the assembly

with 8 two-zone pellets the burn-up is 77 mWd/kg whereas in the assembly with

16 pins it lies between 82,1 and 85,2 MWd/kg. In the assembly with 16 pins the

burn-up increase with increasing diameter due to the higher enrichement. In the

other case (8 pins) the burn-up is, although the enrichement of the driven urani-

um zone is nearly the double, in the (Th,Am)O2-zone smaller. The burn-ups of

the (Th,Am)02-zones is linear over the time scale and reach depending on the

enrichement 32,4 - 98,9 MWd/kg.

For this assembly configuration we analyse the four most important coefficients

in reference to the safty behavior.

The expected values of all coefficients are negativ. Never the less by the partly
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large delta-values in some cases positiv coefficients can't be excluded. The

delta-values are the maximal possible absolutly deviations based on the 68%

confidence interval. The feed-back coefficients are presented in figure 5 and 6

(BoB=begin of burn; EoB=end of burn).

Regarding the performance parameters we can say that the hazard potential of

the burned fuel in the final disposal doesn't increase with the change-over to

(Th,Pu)O2 fuel. Never the less we can speak from an advantage because more

nuclear energy can be available without increasing the hazard potential of the

nuclear waste. Concerning the proliferation aspect we can point out that with

the change-over to (Th,Pu)O2 fuel and with an optimised moderation ration

(14x14-16 core configuration) a reduction of 50% Pu can be achieved. For the

transmutation it seems that the Pu mass in contrast to the Am-mass could be

reduced. Only the configuration with (Th,Am)O2-pins could make a reduction of

Am possible but this consequences a shift towards a higher build up of Cm.

7 Next Steps

8 Relation with other Projects

none

9 References

Analyses of innovative reactors with new safety qualtity (Project: 15 NU 0953)

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Fig. 1: Composition of the (Th,Pu)O2 and the (Th,Am)O2 pins
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Fig. 2: Composition of the (Th,Am)O2 pins in weight-% with increasing diameter
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Fig. 3: Composition rates of the (Th,Am)O2 pins
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Fig. 4: Comparison of the burn-up wiht and without (Th,Am)O2 pjns (smallest and lar-
gest diameter)
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Fig. 5: Feed-back coefficients closed americium- and uranium balance
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Fig. 6: Feed-back coefficients open americium- and closed uranium balance
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1 General Aim

Within the framework of reactor safety research of BMWA, the scientific-techni-

cal cooperation with Russian institutions is supported. According to the negotia-

tions between the BMWA and MINATOM in Moscow (minutes of 29 June 2001)

8 of the agreed upon topics are in the responsibility of FZR. Seven of them are

embraced in this project.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Subproject A1.3: Validation of the Russian thermohydraulic code KORSAR

The modelling of natural circulation experiments (performed at the ISB and

PSB facilities) using the codes KORSAR and ATHLET is the main aim of the

subproject. The analysis of experiments with horizontal and vertical steam ge-

nerators at the ISB facility allows the identification and separation of the rele-

vant phenomena. The measurement quality will be remarkable increased by

using improved instrumentation, which will be provided by FZR. The measure-

ment results are used to validate the code KORSAR for the described specific

conditions.

2.1.2 Subproject A 1.4: Safety analysis of WER reactors

The aim of the subproject is to validate coupled neutron kinetics /

thermohydraulic code systems and to qualify them for the use in safety analy-

ses of WER reactors with MOX- and CERMET-fuel as well as for concepts of
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low power integral reactors.

Firstly, the validation of DYN3D-RELAP5 for WER reactors will be continued

by post calculations of additional benchmarks and by post-test calculations of

selected operational transients.

Secondly, reactor dynamic analyses will be performed for WER reactors with

MOX and CERMET fuel.

2.1.3 Subproject A 1.5: 3D-fluiddynamic calculations

3D fluid dynamic codes (CFD codes) shall be validated for the calculation of the

coolant mixing within the RPV and in the core. The validation will be based on

experiments at the FZR facilites CCEF, ROCOM and the WER-1000-model of

OKB Gidropress. Selected experiments will be documented and the results of

the calculations will be compared. Additionally, the possible use of CFD-codes

will be investigated to model (3D) the coolant flow in the core.

2.1.4 Subproject A 4.1: Neutron embrittlement of WER-RPVs

The common work of an earlier project (FKZ 150 1020) will be continued. Irra-

diation experiments were performed by RRC Kurchatov Institute at WER-440

surveillance positions with Fe-based model alloys and different content of Cu,

P, Ni and Mn. New evaluations will be done in the FZR and RRC.

2.1.5 Subproject A4.3: Validation of neutron fluence calculations

Neutron and gamma fluence spectra will be calculated as well for the region of

the support construction as for the upper weld of the RPV of a VVER-1000.

The defined regions are located in strong neutron flux gradients. Therefore, a

detailed 3D Monte Carlo modelling is needed. Special attention will be paid to

the influence of gamma loads. The results will be compared with integral ex-

vessel fluence measurements.

2.1.6 Subproject A4.4: Post irradiation investigations of RPV material from the Greifs-

wald NPP

By investigation of post service RPV material a new quality is expected in un-

derstanding embrittlement phenomena. The running dismantling of the four

units of the Greifswald NPP allows such investigations, because there is mate-

rial with different loading and annealing states (unit 1: irradiated, annealed and

re-irradiated; units 2 and 3 irradiated and annealed; unit 4: irradiated). In the

frame of this project high resolution fluence calculations of selected positions
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are planned as well as first experimental investigations.

2.1.7 Subproject A.4.5: Neutron dosimetry of VVER-1000

The positions of the standard surveillance specimen in VVER-1000 NPPs do

not allow reliable conclusions on the state of the embrittlement of the RPV. A

special problem is the exact estimation of the irradiation parameters at the sur-

veillance positions. The problem will be solved using the FZR Monte Carlo co-

de TRAMO. It is scheduled to calculate and compare the irradiation loads at dif-

ferent positions inside the surveillance capsules.

2.2 Program of Work

2.2.1 Subproject A1.3: Validation of the Russian thermohydraulic code KORSAR

The Elektrogorsk Research and Engineering Centre EREC and FZR intend:

-to use existing experimental data to validate the KORSAR code

-to perform two natural circulation experiments at the ISB and PSB facilities

-to support the Russian institute by providing instrumentation for local steam

content measurements

-to do post test calculations of experiments with the codes KORSAR and ATH-

LET

2.2.2 Subproject A 1.4: Safety analysis of WER reactors

The validation of DYN3D-RELAP5 for WER reactors will be carried out by cal-

culations of benchmarks and post-test calculations of selected operational tran-

sients at NPP. Reactor dynamics analyses will be performed for WER reactors

with MOX and CERMET fuel. DYN3D and the coupled code complex

DYN3D-RELAP5 will be used for transients analyses at new integral, small

power reactor concepts.

2.2.3 Subproject A 1.5: 3D-fluiddynamic calculations

Selected experiments at Russian and FZR test facilities will be documented

and made available for CFD code validation. The experiments are related to

flow in rod bundles and coolant mixing inside the reactor pressure vessel. The

results of the CFD calculations will be compared with experimental data. Fur-

ther, calculations will be performed for an OECD/NEA Benchmark on coolant

mixing in the VVER-1000.

Additionally, the possible use of CFD-codes will be investigated to model (3D)

the coolant flow in the core.



2004 1501260 4 / 1 5

2.2.4 Subproject A 4.1: Neutron embrittlement of VVER-RPVs

The volume fraction over particle size distribution of irradiation induced defects

of the irradiated Fe-based model alloys are measured by SANS.

2.2.5 Subproject A4.3: Validation of neutron fluence calculations

The neutron and gamma fluence spectra will be ascertained by calculations

with the Monte-Carlo code system TRAMO. A detailed three-dimensional mo-

del of the region of the support construction and of the upper weld of a WWER-

1000 reactor pressure vessel will be established. The cross section data ne-

cessary for the transport calculations will be produced on the basis of the latest

nuclear data libraries. The Russian partner provides the input data for the cal-

culations and the experimental data for validation. In addition, neutron/gamma

fluence spectra are computed for the centre plane of the RPV, too. The calcula-

tions will be compared with measuring data.

2.2.6 Subproject A4.4: Post irradiation investigations of RPV material from the Greifs-

wald NPP

The trepan positions of unit 1 have to be defined. According to the scheduled

dismantling procedure the trepaning machine will be developed.

For each of the selected test positions coupled neutron/gamma transport calcu-

lations with the predetermined fission neutron source and gamma transport cal-

culations with the fission gamma source will be carried out. The transport calcu-

lations will be done by means of the Monte Carlo code system TRAMO. All in-

formation on the reactors and on their operation regimes, which are necessary

to build the simulation model for TRAMO, are provided by NIS, Rheinsberg.

Neutron/gamma fluence spectra and dpa rates will be calculated at the inner

and outer RDB surfaces as well as at several depths inside the RPV wall.

2.2.7 Subproject A.4.5: Neutron dosimetry of VVER-1000

In an irradiation experiment carried out by the Russian partner, material samp-

les and neutron activation monitors were irradiated in a special container loca-

ted near to the position of the standard surveillance specimen of a VVER-1000

reactor. With help of the Monte Carlo code system TRAMO neutron transport

calculations will be done that simulate the radiation conditions in the measure-

ment region. Neutron fluence spectra will be calculated and compared with the

measuring results of the activation detectors. For this purpose, a detailed three-
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dimensional model of the relevant reactor region and, especially, of the near vi-

cinity of the fluence monitors has to be developed. This type of fluence calcula-

tions requires a special numerical scheme. The consideration of the real moni-

tors results in very small volumes in which the fluences are to be calculated.

This circumstance causes statistical difficulties in the Monte Carlo calculation.

To get a simulation regime for TRAMO that provides sufficiently low statistical

errors in an acceptable computation time optimal control parameters must be

determined in a special pre-calculation. The cross section data will be genera-

ted on the basis of the latest libraries of evaluated nuclear data. The Russian

partner will provide the information on the power distribution and history of the

reactor during the experiment, on the geometry of the relevant reactor region

and on the detailed structures and positions of the surveillance and monitor

capsules inside the measurement container.

3 Experimental Facilities

The following facilities will be used during the project:

- ISB-VVER and PSB-VVER (EREC Elektrogorsk): Subproject A1.3

- ROCOM, CCEF (FZR), WWER-1000 model (OKB Gidropress): Subproject

A1.5

- Radionuclide-Laboratory (FZR): Subproject A4.1

4 Computer Codes

The following codes will be used:

- KORSAR (EREC Elektrogorsk), ATHLET (FZR): Subproject A1.3

- DYN3D-ATHLET (FZR), DYN3D-RELAP5 (IPPE Obninsk): Subproject A1.4

- CFX-4/CFX-5 (FZR), PORT3D (IPPE Obninsk), BOR3D (EREC Elektrogorsk):

Subproject A1.5

- TRAMO (FZR), MCO (Kl Moskau): Subprojects A4.3, A4.4 und A4.5

5 Progress to Date

ref. 2.2.1 Concerning the transfer of local void instrumentation for the integral test facili-

ties PSB-VVER and ISB-VVER all necessary administrative steps were taken

by FZR. Presently, a request of exempt from customs fee has been forwarded
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to the Ministry of Foreign Affairs of the Russian Federation by the Russian part-

ner EREC Elektrogorsk. Next steps can be taken only after official notification

by the Ministry. The equipment is ready for shipment.

In the frame of a two-weeks working visit of an expert from the Russian partner

organization EREC Elektrogorsk in Rossendorf an ATHLET input data deck for

the modified test facility ISB-VVER was developed to perform post-test calcula-

tions for a natural circulation test with stepwise reduction of the primary coolant

level. Such an experiment was carried out by EREC in the meanwhile. The mo-

dification mainly concerns the replacement of formerly vertical to horizontal he-

at exchanger pipes in the steam generator models. The input data deck is ba-

sed on a previous version used for a post-test calculation of the same type of

experiment with the former vertical steam generators. In this way, there is the

possibility to directly compare the two geometry versions.

ref. 2.2.2 The validation of the coupled code systems DYN3D-ATHLET and

DYN3D-RELAP5 for WER applications has been continued by performing cal-

culations for two transients at NPP Kozloduy, where measurement data are

available. One transient is caused by the shut-down of one from three working

main coolant pumps (MCP) at about 65 % of the nominal reactor power. Calcu-

lations were accomplished with both code systems using the same macrosco-

pic cross section library, so that differences are caused exclusively by the diffe-

rent thermo-hydraulic models. On the other hand, calculations with

DYN3D-RELAP5 have been carried out using different cross section libraries

(generated by the codes NESSEL and WIMSD5) with the same thermo-hy-

draulic system code.

A second transient used for the code validation was the OECD/NEA Bench-

mark V1000CT. The benchmark comprises the start-up of the fourth MCP du-

ring commission-ing tests at NPP Kozloduy at a reactor power of 824 MW. Cal-

culations have done using both code systems DYN3D-ATHLET and

DYN3D-RELAP5. The cross section libraries are part of the benchmark specifi-

cation.

Concerning the analysis of advanced fuel loadings for WER type reactors, the

project partner IPPE Obninsk has performed in cooperation with FZR design

calculations and transient analyses for the use of MOX fuel from weapon-grade
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plutonium in VVER-1000 reactors. Three different core loadings have been

considered: UO2 fuel, 50% MOX fuel and 100 % MOX loading. The correspon-

ding macrocscopic cross section libraries for the diffusion calculations have be-

en generated by IPPE using the WIMSD5 code based on a nuclear data library

of IPPE.

First, the burn-up and power distributions at the beginning and end of an equili-

brium fuel cycle were calculated under steady state conditions. Static reactor

parameters and reactivity coefficients have been calculated by DYN3D and the

Russian code ACADEM. Further, by the help of DYN3D, two reactivity initiated

transients were analysed: An accelerated control rod group ejection within 0,1 s

and an uncontrolled control rod group withdrawal with the nominal speed of 2

cm/s.

ref. 2.2.3 Experiments on the mixing of unborated slugs during start-up of the first main

coolant pump (MCP) done at the EDO Gidropress mixing test facility have been

used for CFD code validation. The facility is a 1:5 scaled steel model of a

VVER-1000 reactor. The lower borated slug is modelled by colder water. The

facility is equipped with thermo-couples to measure the mixing. In co-operation

with EDO Gidropress, selected experiments have been calculated using the

CFD code CFX-5. One of the Gidropress experts was trained in the use of

CFX-5. A detailed geometrical model of the facility was elaborated and used in

the calculations.

ref. 2.2.4 The transfer of the irradiated probes from Russia to Germany could not be rea-

lized by the Russian partners due to unexpected bureaucratic restrictions.

Due to this fact the measuring time was spent on SANS measurements on si-

miliar samples of IAEA RPV steels (model alloys JPA, JPB and JPC with vary-

ing copper and phosphor contents). The weld material JWQ (0,26% Cu, 1,09%

Ni) was investigated, too.

ref. 2.2.5 The information that is necessary for the creation of the TRAMO simulation mo-

del, has been provided by the Russian partner SEC/GOSATOMNADZOR to

FZR. These data are: geometry, material compositions, temperatures, loading

scheme and power history of the reactor over the measurement cycle. After

checking the data for completeness and consistence, the TRAMO simulation

model has been worked out. Several test runs have already been made.



2004 1501260 8/15

ref. 2.2.6 The full set of TRAMO neutron/gamma transport calculations for each of the

selected trepan positions of unit 1 of the former Greifswald NPP was carried

out. The obtained results were assessed. A final report containing all relevant

information and results is available.

ref. 2.2.7 Unfortunately, the transfer of the whole information that is necessary to create

the calculation model for the TRAMO code (see also Ref. 2.5) from Kurchatov

Institute Moscow to FZR was considerably delayed and was finally finished in

November only. On the base of these checked data, the TRAMO model was

created. Test calculations are running.

6 Results

ref. 2.2.1 An input data deck for the new version of the integral test facility ISB-VVER

with horizontal steam generator models was developed. In this way, data decks

for both geometry versions are available to perform post-test calculations. Besi-

de this, an expert of the Russian partner organization was trained in the use of

the thermal hydraulic system code ATHLET.

ref. 2.2.2 Calculations of the OECD/NEA Benchmark V1000CT using the code systems

DYN3D-ATHLET and DYN3D-RELAP5 proved a good agreement with the

measurements and only small differences between the codes. Fig. 1 shows the

calculated reactor power (no measurement data available) and Fig. 2 the hot

leg temperatures of the four loops. The measured and calculated temperatures

agree well (within the accuracy of the measurement) at the beginning and the

end of the transient, but show different behaviour during the transient. This is

caused by the low pass filtering of the measured temperature signals, what

could not be corrected for the comparison with the calcuation.

Concerning the calculations for the VVER-1000 with MOX loadings, a good

agreement of the steady state reactor parameters calculated with DYN3D and

ACADEM was achieved. The plutonium inventory at equilibrium fuel cycles is of

special interest. While in the case of 50 % MOX loading the plutonium balance

between burning and breeding is almost equalised, only in the case of a full

MOX loading there is more plutonium burned than bred. However, even for a

mixed loading, the plutonium vector is changed from weapon grade to reactor

plutonium composition.
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In the DYN3D calculations for the two reactivity initiated transients it was found,

that in no case any safety relevant limits for the DNB ratio, the maximum fuel

and maximum cladding temperature have been exceeded. The maximum

power peak of 1,79*Nnom was obtained in the control rod ejection transient for

the mixed fuel loading, while the maximum fuel centre line temperature of

1680°C was obtained for the pure MOX loading.

ref. 2.2.3 Results of CFX-5 calculations of slug mixing experiments at the Gidropress

VVER-1000 mixing test facility were compared with measurement data. The

agreement between calculation and measurement was significantly improved in

comparison to earlier calculations. Above all, this is due to the much more de-

tailed geometrical grid. All geometrical detail of the internals of the RPV have

been modelled. The porous body approach was applied to model the very com-

plex structures in the lower plenum. The computational mesh has about 2.5 mil-

lion elements. Based on the experience from the EC projects FLOMIX-R and

ECORA, Best Practice Guidelines were applied to obtain optimised numerical

solutions.

A flow pattern typical for the MCP start-up is shown in Fig. 3. The flow embra-

ces around the core barrel. Therefore, the maximum deboration occurs at the

core inlet at positions opposite to the starting loop. The calculated averaged mi-

nimum boron concentration agrees well with the measurement (see Fig. 4). Ho-

wever, the measured concentration does not reach the initial value after the

slug has passed the core. This is due to the fact, that cold water was used to

model the boron concentration. This water is partially heated up by the structu-

ral components.

ref. 2.2.4 The volume fraction over particle size distribution functions are depicted in Fig.

5. The size distribution is bimodal; there is a sharp peak at 0 < R < 3 nm which

hardly occurs in the unirradiated state. The height as well as the width of the

peak increases with increasing neutron dose whereas the position on the R-

axis is not affected by this parameter. A second type of scatterers has a flat

broad distribution with the maximum near 10 nm. It does not change with irra-

diation. The dose dependence of the volume fraction of the irradiation defects

is shown in Fig. 6.

ref. 2.2.5 The preparation of the TRAMO calculations was finished and the fluence calcu-
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lations were started. The monitor locations were outside of the reactor pressure

vessel between the core mid-plane and the level of the RPV support constructi-

on. The measurements were carried out by the Russian partner SEC/

GOSATOMNADZOR.

ref. 2.2.6 All needed fluence spectra and dpa-values are available at the trepan positions

planned for unit 1 of the former Greifswald NPP. The whole information on the

calculations and the results were summarized in a final report. The calculation

results and the results of the planned material investigations will be the base for

the derivation of a correlation between irradiation load and radiation damage of

the RPV steel. For illustration, Fig. 7 shows the neutron fluences integrated

over various energy ranges that accumulated over 15 operation cycles at the

position of the weld 0.1.4 in dependence on the depth inside the pressure ves-

sel. The weld is located in a height about 30 cm above the lower core edge.

ref. 2.2.7 The calculation model was elaborated for the TRAMO calculations of the neu-

tron/gamma fluences in the region of the surveillance specimen of the VVER-

1000 Balakovo 1. Test calculations are still running. Evaluated calculation re-

sults and the comparison with corresponding measurements carried out by the

Kurchatov Institute Moscow are expected mid 2005.

7 Next Steps

ref. 2.2.1 After solving the custom problems the equipment of the local void measuring

system will be shipped to Electrogorsk and installed at the integral test facilities.

It is planned to instruct an expert form EREC in the use of the measuring sys-

tem.

Concerning the analytic work, it was agreed with the Russian partner to carry

out post-test calculations of the experiments with stepwise reduction of the coo-

lant inventory for both test facilities ISB-VVER and PSB-VVER. The immediate

next step is the execution of the post-test calculations for the modified ISB-

VVER, after that an ATHLET input data deck for PSB-VVER will be set-up and

post-test calculations will be run for this facility, too.

ref. 2.2.2 The validation of the coupled code complexes DYN3D-ATHLET and

DYN3D-RELAP5 for WER applications within the project will be completed

analysing the results of the NEA/OECD V1000CT Benchmark. This comparati-
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ve analysis will be performed in the frame of a common NEA/OECD and AER

(Atomic Energy Research association) workshop.

ref. 2.2.3 OKB Gidropress as an important Russian project partner has purchased the

CFD code CFX-5. Therefore, further code validation activities will be focussed

on that code. A NEA/OECD Benchmark on coolant mixing in VVER-1000 reac-

tors will be calculated. The results of ATHLET calculations performed by Kur-

chatov Institute for ROCOM mixing experiments using a coarse mesh, multi no-

de approach will be compared with CFX calculations.

ref. 2.2.4 The experimental work is finished. The topis of the future cooperation will be

discussed with the Russian partners (PROMETEY, RRC Kl).

ref. 2.2.5 The task will be completed within the first half year of 2005.

ref. 2.2.6 The fluence calculations for unit 2 can be started at the end of 2005, depending

on the progress of the experimental investigations at unit-1 samples.

ref. 2.2.7 First results are expected in summer 2005. The work will be completed in De-

cember 2005.

8 Relation with other Projects

The project correlates with some finished or running projects:

1501225: Accident analysis

1501238: DYN3D/ATHLET,

1501256: Neutron embrittlement

1501215: Flow regime maps

1501216: Simulation of coolant mixing

1501221: Influence of Gamma radiation

9 References

no

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne



Fig. 1: Behaviour of the reactor power during start-up of the fourth MCP (OECD/NEA
benchmark V1000CT)

Fig. 2: OECD/NEA Benchmark V1000CT: comparison of measured and calculated hot
leg temperatures in the four loops



Fig. 3: Stream lines of coolant flow during start-up of the first MCP in a VVER-1000 slug
mixing experiment

Fig. 4: Time behaviour of the averaged dimensionless boron concentration theta at the
core inlet in the VVER-1000 slug mixing experiment
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Fig. 5: Volume related size distribution, cR, of irradiation induced clusters of the IAEA
model alloys JPA, JPB und JPC with various P and Cu contents for a neutron dose of
0,080 dpa:(a) weighted with the nuclear scattering contrast; (b) weighted with the ma-
gnetic scattering contrast and calculated for non-ferromagnetic particles)
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Fig. 6: Neutron dose dependence of the volume fraction Delta c, of the irradiation indu-
ced clusters



Fig. 7: Various energy integrated neutron fluences in dependence on the depth inside
the pressure vessel at the position of the weld 0.1.4.
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General Aim

The project aims at the elimination of deficiencies of existing thermal-hydraulic

system codes for the computer simulation of flow fields in reactor components.

Today existing tools do not describe the following fluid-dynamic phenomena

sufficiently respectively relay on empirical correlations which fail in case of

changes of the scale or other boundary conditions:

- transient two-phase flows in pipes and ducts,

- water-steam counter current flows with free surfaces,

- entrainment of droplets by steam of higher velocities,

- single and two-phase flows in large volumes at low driving forces.

Within the scope of a concerted action of BMWA it is foreseen to upgrade and

validate 3D CFD models for phenomena of this kind. Such a development ine-

vitably requires new experiments using advanced measuring techniques with

high resolution in space and time.

For this reason a new thermal hydraulic multi-purpose test facility TOPFLOW

(Transient Two Phase Flow Test Facility) was erected by the Institute of Safety

Research by middle of 2002. TOPFLOW allows two-phase flow experiments at

a maximum of 300°C and 10 MPa with a steam mass flow of up to 2,0 kg/s (4

MW heating power). An important feature of TOPFLOW is the application of

sensors and measuring techniques that allow a high-resolving characterisation
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of shape and dimension of the gas-liquid interface. Additionally, the present

project comprises the construction of a model of the hot leg of a pressurised

water reactor, the adaptation of novel measuring methods, experiments and

development of theoretical models.

Experiments are planned to characterise the transient two-phase flows in verti-

cal pipes including pipe bends and narrowings for inner diameters of up to 200

mm. These experiments serve the development and validation of microscopic

models.

Furthermore, a model of the hot leg of a pressurised water reactor will be desi-

gned and erected, which is placed in a pressure tank to allow experiments in

transparent channels at high pressure and temperature and to overcome the

restrictions of small observation windows. This gains a new quality of measure-

ments and visualisation of the fluid-dynamic processes, e.g. optical measuring

techniques will be feasible in large regions of interest, which up to now have

been possible only in cold air-water experiments.

The theoretical model development will be carried out in close co-operation

with the GRS. The basis for this work is the CFD code CFX of ANSYS-CFX

chosen by GRS.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Detailed specification and pre-test calculations of the experiments

2.1.2 Experiments on two-phase flow in vertical pipes and bends

(1) Adaptation of instrumentation with high resolution in space and time

(2) Experiments in simple vertical test sections

(a) Adiabatic flow (air/water mixture) in a straight vertical pipe

(b) Adiabatic flow (steam/water mixture) in a straight vertical pipe

(c) Adiabatic flow (air/water and steam water mixtures) in vertical pipes with

bends and restrictions

2.1.3 PWR Hot leg experiments

(1) Design and erection of the test section

(2) Transition from stratified to slug flow
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(3) Investigation of the counter current flow limitation phenomenon

2.1.4 Theoretical work

(1) Modelling

(a) Forces acting at the bubbles in the velocity field of the liquid phase.

(b) Bubble coalescence and fragmentation

(c) Implementation of the models in the CFD code

(d) Validation by simulation of flow fields in complicated geometries (bends, re-

strictions)

(2) Modelling of flow phenomena in the hot leg model

(a) Application of VOF methods

(b) Code validation

2.1.5 Reports and documentation

(1) Internet documentation of the test facility

(2) ESR, QLR, EDR as well as PID of the experiments

(3) Technical reports on modelling and CFD calculations

(4) Final project report of the project

2.2 Program of Work

2.2.1 Detailed specification and pre-test calculations of the experiments

2.2.2 Experiments on two-phase flow in vertical pipes and bends

2.2.3 PWR Hot leg experiments

2.2.4 Theoretical work

2.2.5 Reports and documentation

3 Experimental Facilities

Thermal hydraulic multi-purpose test facility TOPFLOW of FZR, Institute of Sa-

fety Research.

4 Computer Codes

- Thermal hydraulic system code ATHLET of GRS on SUN Workstations and

PCs

- CFD Codes CFX-4 und CFX-5 of AEA Technology on SGR Workstations und

PCs
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5 Progress to Date

ref. 2.2.2 (1) Adaptation of instrumentation with high resolution in space and time

Two pressure and temperature resistant mesh sensors for the small vertical

test section DN50 and one sensor for the large vertical test section DN200 we-

re manufactured, successfully tested and used for extensive experimental cam-

paigns.

(2) Experiments in simple vertical test sections

(a) Adiabatic flow (air/water mixture) in a straight vertical pipe

Air-water tests were performed at the vertical test section DN200 equipped with

the variable gas injection system. The evolution of the flow structure was recor-

ded for 18 different inlet lengths ranging from L/D=1.1 to L/D=40. The superfici-

al velocities of air and water were varied in a wide range covering bubbly flow

as well as churn-turbulent flow regimes.

The work aimed at determining the turbulent diffusion coefficient in a vertical

channel of acrylic glass by means of high-speed video-imaging and digtal

image processing was continued and extended to liquids with higher viscouse-

ty, like ethylene glycol. A new test channel was constructed that allows to apply

this method to a gas-liquid flow with non-zero liquid net flow (up to 2 m/s).

(b) Adiabatic flow (steam/water mixture) in a straight vertical pipe

Steam-water tests were performed at the both vertical test sections DN50 and

DN200 under saturation conditions at 1, 2, 4 and 6.5 MPa. In the large pipe, the

variable gas injection system was used, which allowed to vary the inlet length

(L/D=1.1 ... 40) and the diameter of the gas injection orifices (1 and 4 mm). A

separate series of preliminary experiments was dedicated to condensation of

steam in sub-cooled liquid.

(c) Adiabatic flow (air/water and steam water mixtures) in vertical pipes with

bends and restrictions

For the planned measurements on an adiabatic two-phase flow in a complex

geometry, like bends and T-junctions, a novel experimental methodology was

developed. The test assembly including the diaphragm, the toothed rack me-

chanism and the position control system was constructed and is ready for use

in the vertical test section DN200.
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ref. 2.2.3 (1) Design and erection of the test section

The construction of the PWR hot-leg test has come to the last phase. After the

building was practically completed in 2003, all main components have been

manufactured and installed in the reported period. The piping and the electrical

installations have been started. The design work for the hot-leg test section we-

re completed, the components are being manufactured. Most important event

was the installation of the pressure chamber used as a containment for the test

section (Fig. 7) in Rossendorf in December 2004.

(2) Transition from stratified to slug flow

The work on this topic was continued. The flow visualisation by high-speed vi-

deo-imaging was extended by an application of PIV, by help of which the se-

condary flow in a water slug was visualized (Fig. 8).

ref. 2.2.4 (1) Modelling

(a) Forces acting at the bubbles in the velocity field of the liquid phase.

The model equations for momentum exchange at the phase boundary were im-

plemented into the code CFX-5. This concerns the lift force, the wall force and

the turbulent dispersion force, which were validated on basis of gas fraction

profiles and bubble size distributions measured at the vertical test sections of

TOPFLOW. The validation was carried out using the 1D solver for the momen-

tum balance developed by FZR. Scaling effects were analysed by comparing

results from the small and large test sections.

(b) Bubble coalescence and fragmentation

The bubble population model proposed by FZR (Inhomogeneous MUSIG mo-

del) was implemented by the code developer into a new version of CFX-5 with

significant contributions from FZR. The bubble size groups were divided into

clusters that are treated as individual phases with individual momentum conser-

vation equations and therefore individual velocity vector fields. The validation of

the extended code on TOPFLOW data was started.

(2) Modelling of flow phenomena in the hot leg model

Slug experiments in the air-water operated preliminary PWR hot-leg model we-

re successfully modelled using CFX-5.7 with the available surface reconstructi-

on option (inverse advective scheme). The results were compared to high-

speed video observations of the dynamical gas-liquid surface structure. A se-
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cond opportunity for validation was given by the signals of fast pressure trans-

ducers showing dynamic signals during slug passage.

6 Results

ref. 2.2.2 (2) Experiments in simple vertical test sections

(a) Adiabatic flow (air/water mixture) in a straight vertical pipe

Air-water tests in the vertical test section DN200 equipped with the variable gas

injection system (Fig. 1) revealed comprehensive data for modelling and code

validation. The matrix of available gas-liquid superficial velocities is shown in

Fig. 2. Similar to the tests with two different gas injection devices located close

to the pipe inlet, again significant scaling effects compared to the flow in the

small test section DN50 were observed (see [1, 6]). Radial gas fraction profiles

decomposed according to classes of the measured bubble size show the diffe-

rent behaviour of the lift force acting on bubbles below and above a critical dia-

meter.

Cold air-water experiments in the rectangular bubble column (cross sectional

area 100 x 20 mm) delivered turbulent diffusion coefficients of the gaseous

phase, which are in good agreement with the Sato model [2]. Measurements in

ethylene glycol allowed to study the influence of the Reynolds number.

(b) Adiabatic flow (steam/water mixture) in a straight vertical pipe

The design of high-pressure and high-temperature mesh sensors for both verti-

cal pipes DN50 and DN200 has successfully stood the test at saturation condi-

tions of up to 6.5 MPa and 280 °C. A significant deviation from the flow pattern

in an air-water flow at low pressure and identical superficial velocities were

found, that are caused by the differences in the physical properties of the fluids

in both cases. An example is shown in Fig. 3 for the small pipe of DN50. The

data obtained in the large pipe of DN200 was used to analyse the influence of

the physical properties of the fluid to the evolution of bubble-size distributions

(Figs. 4 and 5), which is quite strong. In high-pressure steam-water flow, the

bubble size distributions tend to converge to an equilibrium after much less inlet

length compared to air-water experiments at identical superficial velocities. The

tendency to form very large bubbles is significantly less pronounced, while the

bubbles in the small bubble peak are found to be larger at high pressure. The
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data evaluation is continued.

(c) Adiabatic flow (air/water and steam water mixtures) in vertical pipes with

bends and restrictions

The methodology to study an adiabatic two-phase flow in a complex geometry

is based on a movable obstacle inserted into the vertical test section of DN200

(Fig. 6). The obstacle has the shape of a half-moon disc and can be placed eit-

her upstream or downstream of a wire-mesh sensor. The axial displacement of

the diaphragm in front or, respectively behind the sensor, done by a toothed

rack mechanism, is equivalent to a scan of the three-dimensional gas fraction

field around a stationary obstacle without moving the sensor. The expected da-

ta is of crucial importance for the validation of the CFD code to demonstrate the

transferability of the CFD model to more complex geometries after implemen-

ting new closure relations,

ref. 2.2.4 (1) Modelling

(a) Forces acting at the bubbles in the velocity field of the liquid phase.

The validation of bubble force correlations resulted in the selection of the lift

and wall force models of Tomiyama and the "Favre averaged drag model" for

the turbulent dispersion force as the best choices.

(b) Bubble coalescence and fragmentation

First test calculations with the Inhomogeneous MUSIG model resulted in a phy-

sically plausible evolution of bubble-size-resolved gas fraction profiles in flow

direction in vertical channels, though the quantitative agreement with experi-

mental data has still to be improved. Main directions are the improvement of

the model equations for coalescence and bubble break-up as well as their

coupling with the turbulence model.

(2) Modelling of flow phenomena in the hot leg model

The CFX studies of horizontal stratified flow were able to reproduce slugs when

the experimental water level history at the entrance of the channel was given

as an inlet boundary condition. The shape of the slug and their dynamic beha-

viour is in good qualitative agreement with the experiment, though the velocity

of the fully developed slug is overestimated by about 20 %.

7 Next Steps



2004 1501265 8/18

ref. 2.2.2 (1) Adaptation of instrumentation with high resolution in space and time

After the elimination of weak points in the design of the high-pressure sensors

for the DN200 pipe, the construction of an assembly of two sensors for cross-

correlation studies was started. These sensors will be ready for application in

spring 2005.

(2) Experiments in simple vertical test sections

(a) Adiabatic flow (air/water mixture) in a straight vertical pipe

The measurements will be continued to further extend the experimental data

matrix to other combinations of superficial velocities.

(b) Adiabatic flow (steam/water mixture) in a straight vertical pipe

It is planned to continue high pressure experiments at the vertical test section

DN200 with simultaneous use of two mesh sensors to allow for cross-cor-

relation analyses in order to derive gas phase velocities and turbulence charac-

teristics, as it was done for the air-water tests.

(c) Adiabatic flow (air/water and steam water mixtures) in vertical pipes with

bends and restrictions

Tests with the movable half-moon shaped obstacle are suspended for the time

being. The test section is still needed with the variable gas injection system.

The moving diaphragm will be installed only after finishing the measurements

on flow structure evolution,

ref. 2.2.4 (1) Modelling

(b) Bubble coalescence and fragmentation

The work on bubble coalescence and fragmentation models has to be conti-

nued. Special effords have to be allocated to model these effects at higher

pressures and temperatures (max. 7 MPa).

d. Validation by simulation of flow fields in complicated geometries (bends, re-

strictions)

It is planned to start with pre-test calculations for the flow around the diaphragm

in the moving obstacle experiment.

(2) Modelling of flow phenomena in the hot leg model

The comparison calculation - experiment will be extended using new PIV data.

Pre-test calculations will be performed for the pressurized hot-leg test being un-
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der preparation.

8 Relation with other Projects

The work is part of the CFD research alliance founded by GRS.
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with air-water and steam water flow at different saturation pressures (Jwater = 1 m/s,
Jgas = 0.84 m/s)
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=0.09 m/s (bubbly flow), parameter: relative inlet lengths, L/D
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Fig. 6: Moving obstacle (diaphragm) for the vertical test section DN200
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Fig. 7: Pressure chamber of the PWR hot-leg test



Fig. 8: Slug in the horizontal preliminary hot-leg test channel (height = 250 mm) - came-
ra frame showing the gas-liquid interface, together with the velocity field obtained by
PIV (secondary flow, i.e. slug velocity was subtracted)



2004 1501266 1 MO

Berichtszeitraum / Period

2004
Klassifikation / Classification

03.3
Förderkennzeichen / Project Number

1501266
Vorhaben / Project Title

Investigations to evaluate possible loads from steam explosions in the frame of severe LWR
accidents - works in international context to prepare codes for reactor safety analysis

Untersuchungen zur Eingrenzung möglicher Belastungen aus Dampfexplosionen im Rahmen
schwerer LWR-Störfälle - Arbeiten im internationalen Kontext zur Ertüchtigung von Rechen-
programmen für reaktorspezifische Sicherheitsanalysen
Arbeitsbeginn / Initiated

01.06.2002

Arbeitsende / Completed

30.09.2008
Berichtsdatum / Last Updating

21.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Universität Stuttgart - Institut für Kernenerge-
tik und Energiesysteme (IKE)
Leiter des Vorhabens /Project Leader

Bürger, Manfred
E-mail Adresse des Leiters des Vorhabens

buerger@ike.uni-stuttgart.de

General Aim

In the frame of the reactor safety research of the BMWA, within the major rese-

arch area "analysis of transients and accident sequences", an important gene-

ral subject is to develop and provide simulation codes for the evaluation of se-

vere accidents within overall safety analyses for nuclear reactors. This includes

the steam explosions which may occur during an accident with core melting as

a consequence of an interaction of molten core material with water, inside the

RPV (in-vessel steam explosions), or - if RPV failure cannot be excluded - due

to release of melt from the RPV into the water of the cavity (ex-vessel steam

explosion). Such a steam explosion may significantly enhance risks of a severe

accident by yielding failure of structures, possibly even of the RPV or the con-

tainment. Assured conclusions limiting the loads and damaging potential of

steam explosions in accident scenarios would open additional options in the

frame of evaluations about accident management (AM) measures. At least, wa-

ter injections to cool an already partly molten core in the RPV or to flood the re-

actor cavity could be considered as less problematic. In order to reach such

conclusions, elaborated models and codes must be applied. Therefore, codes

available at IKE shall be further developed to allow such assured applications

to reactor scenarios and to yield major results on the load to structures

(pressure distribution, acceleration of masses).
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2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Emphasis in the project is on examining whether the existing models sufficient-

ly describe the decisive physical processes and whether they are applicable to

reactor-oriented investigations. A larger bandwidth of calculations on experi-

ments and reactor scenarios is necessary to perform this task, combined with

comparisons to results from other codes. The further development of the mo-

dels has to be oriented at the necessities derived from the model examinations

and the preparation to reactor applications. This includes practical optimisation

for the application and special checking for quality assurance. In the frame of

the project, IKE also participates in the OECD project SERENA which aims at

international clarifications of open questions concerning the occurrence and

consequences of steam explosions in nuclear reactors.

2.2 Program of Work

2.2.1 Model examination and assurance by means of calculations on experiments

and reactor scenarios; inclusion and evaluation of results from SERENA pro-

ject.

2.2.2 Clarification about material effects on explosivity.

2.2.3 General examination of the codes concerning quality assurance.

2.2.4 Special model comparisons with MC3D(CEA) and MATTINA (FZK).

2.2.5 Model extensions and improvements on basis of 2.1-2.4.

2.2.6 Preparation of the codes for applications to investigations on reactor scenarios.

2.2.7 Documentation.

3 Experimental Facilities

none

4 Computer Codes

IKEMIX/IKEJET (premixing and jet breakup),

IDEMO (detonation model), MC3D (CEA code on premixing and detonation).

5 Progress to Date
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ref. 2.2.1 Several contributions have been prepared for the meetings of the OECD pro-

ject SERENA on task 3 in Aix-en-Provence (France) in March 2004 and on task

4 in Madison (U.S.A.) in October 2004. Besides presentation of own results for

the respective tasks, the status of the draft papers on the analysis of results

from task 2 (calculation of premixing experiments) and task 3 (calculations of

explosion results) has been reported and discussed. Also a first analyses of the

results of reactor calculations (task 4) has been prepared and presented in Ma-

dison.

Emphasis during the reporting period was on calculations for reactor scenarios.

These were mainly oriented at the conditions chosen for the common SERENA

calculations. They referred to an in-vessel case with release of corium from the

core via the lower grid plate as several (25) melt jets (8 cm diameter) to the

lower plenum at saturation conditions (5 bar), and an ex-vessel case with out-

flow of corium from the RPV as a single, central jet of 50 cm diameter into the

water filled reactor cavity (50 K sub-cooling at 2 bar). The calculations on pre-

mixing with IKEMIX and the subsequent explosion calculations with IDEMO ba-

sed thereon aimed at the establishment of explosive mixtures and resulting

pressure loads. Results of selected calculations were sumitted as contribution

to task 4 of the SERENA project. Extensive additional calculations served to

assure these results and to check the models over a larger range of conditions.

ref. 2.2.2 In TROI experiments, a tendency was noticed that explosions are easier to trig-

ger with corium of eutectic composition (80% UO2 to 20% ZrO2) as compared

to non-eutectic composition (70% UO2 to 30% ZrO2). Estimations with respect

to cool-down and crust formations were done to investigate possible explanati-

ons for this.

In calculations on explosions in the experiments FARO L-33 (with corium melt)

and KROTOS-44 (with alumina melt) it was observed that the use of "standard

parameters" led to over-estimation of the explosion strength in FARO L-33 and

under-estimation in KROTOS-44. This concerned not only the results of IKE

with IDEMO, but could also be noticed as a general trend in calculations of

other institutions in the frame of SERENA. Since partial solidification of the melt

during premixing is a possible explanation therefor, investigations on this effect
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were taken up in new calculations with IKEMIX and IDEMO for FARO L-33 and

KROTOS-44.

ref. 2.2.5 Checks and revisions have been continued for modelling areas viewed as deci-

sive with respect to premixing and especially for the formation of "explosive"

mixtures with not too large void content. This concerns on the one hand the

frictions between phases in the transition range between the regimes with wa-

ter and steam as the continuous phase. In comparison calculations on FARO

and MAGICO experiments as well as reactor cases the influence of modified

and advanced friction laws have been investigated, taking into account also the

descriptions in MC3D and MATTINA. On the other hand, options for the model-

ling of the interaction between jet fragmentation and surrounding water/steam

mixture were pursued.

ref. 2.2.6 Previously, it was only possible to represent walls in IDEMO-2D at the bounda-

ries of the rectangular computational domain. In calculations for reactor cases it

is however important to consider the real geometric proportions to capture the

effects of multi-dimensional wave propagation and reflection at walls or free

surfaces. Extensions in IDEMO therefore now allow to blank meshes of the

computational grid. By this, curvilinear boundaries (e.g. lower head) can be ap-

proximately represented, as well as internal structures. The coupling between

the calculation of the premixing phase with IKEMIX and the subsequent calcu-

lation of the explosion phase with I DEMO has been extended. It is possible to

automatically generate an input data set for IDEMO from intermediate IKEMIX

results saved at different times. Here, also different discretisations (finer grid for

IDEMO) can be considered. For the analysis and visualisation of the large

amount of result data generated especially in reactor calculations, options for

post-processing by means of the software available at IKE (TECPLOT and Gs-

harp) have been extended. Analysis of standard parameters has been partly

automated by designing appropriate scripts.

ref. 2.2.7 A progress report has been prepared describing the status of development and

experimental verification of the models for premixing.

The status of model development and verification for the explosion phase has

been documented in a second progress report.
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6 Results

ref. 2.2.1 As a first, important result from own calculations on experiments and, recently,

on reactor scenarios as well as from the international comparison (SERENA) it

has to be noted that meanwhile computer codes and models are available,

which can, in principle, describe the relevant processes under reactor conditi-

ons and thus can be applied for respective safety analyses. But, the results

from the SERENA exercise still show noticeable differences with respect to pre-

dicted loads.

Under ex-vessel conditions, the band width of impulses at the cavity walls cal-

culated by the different codes ranged from few kPa s to some 100 kPa s. From

this, prediction of possible failure of the cavity structures (at loads in the range

of some ten kPa s) would be ambiguous.

The results in the in-vessel case also showed significant differences. However,

the calculated loads were, at least for the assumed conditions, in a range whe-

re vessel failure must not be expected. As an example, results of IKEMIX and

IDEMO for the in-vessel case are given. Under the assumed conditions

(multi-jet), moderate void fractions below 40 % could only be obtained during

the first phase of melt penetration up to contact with the RPV bottom, then an

average void fraction above 60% is rapidly reached (see Figure 1). Explosions

could only be obtained with triggering at earlier times with low void content in

the premixture. But then, also the explosion strength is limited due to the limited

melt content. Later, even applying strong triggers did not lead to escalations in

calculations with IDEMO due to too large void. Figure 2 shows as an example

the pressure development for a case with triggering at melt bottom contact. The

maximum pressure of 120 MPa is reached in this case by reflection at the RPV

bottom after approx. 8 ms, after the detonation wave has already propagated

upwards through the mixture and is expanding towards the above void space.

Such high pressure are, however, obtained only locally and for less than 2 ms

duration.

In general, the reactor calculations confirmed the importance of basic proces-

ses which were viewed as decisive already in the calculations for experiments.

The problem of void buildup in the premixture, especially in regions with rele-
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vant melt content, determines the explosion strength and thus the load on

structures also under reactor conditions. This especially applies to the in-vessel

case, where in general only relatively low loads were obtained due to the calcu-

lated high void fractions. This result was favoured by the assumed conditions

with saturated water and multiple jets, a generalisation therefore is not admissi-

ble, at present. As a further critical point, modelling of jet breakup has to be no-

ted, especially under reactor conditions. The results ranged especially in the

ex-vessel case from only partial breakup, where 70% of the melt reached the

bottom as a compact jet (e.g. in calculations with IKEMIX and MC3D), to com-

plete breakup (e.g. MATTINA or PM-ALPHA). Also the missing feed-back bet-

ween jet breakup and surrounding mixture conditions in the modelling partly led

to obvious inconsistencies in the results.

In general, the results on the magnitude of loads from the explosion were alrea-

dy pre-determined by the result of the premixing calculations, especially the

distributions of melt droplet and vapour volume fractions. This complicates the

mutual comparison between codes. Nevertheless, the results for explosion re-

vealed that the processes of fine fragmentation and of non-homogeneous hea-

ting of the coolant as well as their modelling, which have been identified as de-

cisive already in the analysis of task 3 results, keep their importance also under

reactor conditions.

ref. 2.2.2 Good agreement could be obtained in IDEMO calculations with results from the

experiments FARO L-33 und KROTOS-44. For this, a separate adaptation of

modelling parameters was however necessary up to now. A faster heat transfer

from fragments to coolant was assumed in calculations on KROTOS-44. Howe-

ver, effects of partial freezing of melt droplets (crust formation) during premixing

have not yet been considered in the analysis. Fine fragmentation of melt dro-

plets is however suppressed by sufficiently thick crusts, weakening the explosi-

on due to lower heat transfer. In the corium experiment FARO L-33, faster cool-

down and crust formation has to be expected due to lower initial melt superhe-

at, smaller droplet sizes and stronger subcooling of the water as compared to

KROTOS-44. This also is observed from calculations with IKEMIX on FARO L-

33, predicting for a fraction of 50% of the melt droplets in the mixture a tempe-

rature below liquidus at the time of triggering. From this, the fraction of droplets
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having a sufficiently thick crust to inhibit fine fragmentation during the explosion

would have to be determined. This is restricted by the present modelling assu-

ming a homogenous drop temperature. Therefore, in a first step the melt mass

participating in the explosion has been varied within the range given from the

premixing calculations in calculations IDEMO. There, it could be shown that a

consistent description using unique parameters for FARO L-33 as well as for

KROTOS-44 is possible, which gives good agreement with the respective ex-

perimental results.

7 Next Steps

ref. 2.2.1 Model calculations will be continued, with emphasis on reactor conditions, ac-

cording to the planning. In this context, it especially has to be checked, whether

the results obtained so far, indicating only moderate loads from steam explosi-

ons, apply also for a broader spectrum of conditions. For this, mainly systema-

tic effects have to be investigated, e.g. the strong reduction of pressure waves

by high void.

ref. 2.2.2 The analysis of differences in the behaviour of corium and alumina shall be

continued by means of further calculations, checking especially differences with

respect to jet breakup and cool-down and freezing.

ref. 2.2.5 Model extensions and revisions will be further pursued. With respect to IKE-

JET/IKEMIX, this especially concerns the modelling of interfacial friction, the

feedback between jet fragmentation and surrounding mixture as well as the im-

proved description of the cool-down behaviour of melt droplets including crust

formation. In IDEMO, the model approaches for fine fragmentation as well as

non-homogenous coolant heating shall be further extended.

ref. 2.2.6 The handling of the programs shall be designed more user-friendly. For this,

especially the input shall be revised and the data interface between premixing

and explosion models shall be further extended. The options for post-

processing shall be upgraded according to the needs.

8 Relation with other Projects

1501227,1501299



2004 1501266 8/10

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne



Fig. 1: Axial profile of vapour volume fraction calculated with IKEMIX for the in-vessel
case at different times.
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Fig. 2: Development of pressure distribution calculated with IDEMO for a vapour explo-
sion in the lower plenum of the RPV.



2004 1501267 1 IQ

Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501267
Vorhaben / Project Title

Effect of Hydrogen on Thoughness of Irradiated Reactor Pressure Vessel Steels

Einfluss von Wasserstoff auf die Zähigkeitsabnahme von bestrahlten RDB-Stählen
Arbeitsbeginn / Initiated

01.05.2002

Arbeitsende / Completed

31.07.2004
Berichtsdatum / Last Updating

14.01.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Leibniz-Institut für Festkörper- und Werkstoff-
forschung Dresden
Leiter des Vorhabens /Project Leader

Uhlemann, M.
E-mail Adresse des Leiters des Vorhabens

m.uhlemann@ifw-dresden.de

General Aim

The project is within the frame of the nuclear safety research of the BMWA and

is part of the topic "Beanspruchbarkeit von Werkstoffen". It is expected to im-

prove the knowledge about the influence of radiation and environmental effects

on reactor pressure vessels and to maintain a high safety level. The research

was started with the project "Influence of hydrogen on the toughness of unirra-

diated reactor pressure vessel steels" (1501217) and is now continued with the

aim to determine the effect of hydrogen on the toughness of irradiated reactor

pressure vessel steels and to exhibit the differences. An assumed interaction

between hydrogen and structural defects induced by radiation should be pro-

ved directly by SANS-experiments.

The project is divided in two parts. At first the effect of hydrogen on a critical

steel with high fluences has to be shown. After that and dependent on the re-

sults the investigations will be continued for the other steels.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Determination of the toughnessof hydrogen precharged and in-situ charged re-

actor pressure vessel steels in dependence on the chemical composition, flu-

ence and irradiation temperature, i. e. the type and size of irradiation defects.

2.1.2 Structural and analytical investigation of the interaction of hydrogen and irradia-

tion induced structural defects by SANS and hydogen anaylsis and TDA

2.2 Program of Work
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2.2.1 Supply of the instrumental facilities and conditions, selection and preparation of

samples for structural investigations and mechanical testing

2.2.2 1st part: Investigation of the effect of hydrogen on mechanical properties of the

steel 15Xh2MFA with the highest fluence.

- Investigations are carried out after hydrogen charging by means of tensile and

impact tests

- Tensile tests are performed during simultaneous hydrogen charging

- Proof of interaction of hydrogen with radiation induced defects by means of

SANS experiments.

2.2.3 2nd part: The other reactor pressure vessel steels will be tested.

- Investigations are carried out after hydrogen charging by means of tensile

tests and impact tests.

- Tensile tests are performed during simultaneous hydrogen charging

- SANS-investigations are carried out at unirradiated and irradiated steels wi-

thout hydrogen and after hydrogen charging respectively.

2.2.4 Performance of SANS-measurments of unirradiated and irradiated steels wi-

thout hydrogen and after hydrogen charging respectively and after subsequent

annealing at constant temperatures in dependence of the results. Determinati-

on of hydrogen effusion by TDA and hydrogen analysis.

2.2.5 Compilation of the results in the final report.

3 Experimental Facilities

Radionuclide laboratory of the FZ-Rossendorf with hydrogen charging and me-

chanical testing facilities as well as equipment for sample preparation

- Hydrogen charging device - self constructed

- Tensile testing machine MTS 810.21

- Instrumented impact test maschine PSd300 (WPM Leipzig)

- Hydrogen analyser HORIBA

SANS experiments are realised in the experimental large scale equipments ac-

cording to the biannual measurement time.

4 Computer Codes

The analysis of the SANS experiments will by done by means of the respective
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software of the measurement system.

5 Progress to Date

ref. 2.2.3 All of the available steels have been investigated by in-situ tensile tests. The

fracture surfaces were analysed after the experiment by SEM.

ref. 2.2.4 Additional SANS-investigations at the material WWER 440-Skoda as well as

hydrogen analyses and thermodesorption tests (TDA) were performed.

ref. 2.2.5 Submission of the final report

6 Results

ref. 2.2.3 The investigated steels are irradiated to different neutron fluences at different

radiation temperatures. Therefore the structural defects vary in type and num-

ber. The effect of hydrogen on the strength of the steels is small. But the tough-

ness decreases in comparison to the results obtained after hydrogen prechar-

geing. The effect is more pronounced at slow strain rates. The decrease of

elongation and reduction of area is highest for the steel type JRQ with the hig-

hest fluence, Cu content and volume fraction of structural defects. The fracture

surfaces are characterized by transcrystalline cleavage fracture with some in-

tercrystalline areas for the steels JRQ. The other steels show a more ductile

surface with some parts of brittle areas depending on the fluence and composi-

tion. The results are summarized in Figure 1.

ref. 2.2.4 SANS experiments, hydrogen analysis and TDA were carried out for the steels

Skoda (15Kh2MFA). This steel is characterized by low amounts of structural

defects. Hydrogen effuses already at temperatures below 100°C . Additionally

strong bonded hydrogen was observed at temperatures around 300°C. This hy-

drogen is trapped at defects, which ex-ist already in the unirradiated state.

From the results it has to be concluded that hydrogen is not preferred bonded

at structural defects formed during the irradiation.

ref. 2.2.5 The project gives a contribution to the knowledge of the effect of irradiation and

environmental conditions on reactor pressure vessels and it provides to the

maintenance of a high safety standard. To date the mechanism of the embrittle-

ment of reactor pressure vessel steels is not completely understood. The effect
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of neutron radiation on the decrease of the toughness of RPV steels is establis-

hed. But a synergistic effect between hydrogen and irradiation induced structu-

ral defects is increasingly discussed.

The aim of the project is to provide the evidence of the interaction of hydrogen

with irradiation induced structural defects, to investigate the postulated effect

on the decrease of toughness and to show differences in the behaviour in com-

parison to the unirradiated state.

The effect of hydrogen on the mechanical behaviour of non irradiated, irradia-

ted, hydrogen pre charged and insitu charged samples was investigated by ten-

sile tests at different strain rates at room temperature and 250°C. Additionally

the fracture surface was investigated by SEM with a special developed print

technique for irradiated steels.

SANS experiments, hydrogen analysis and thermo desorption investigations

were performed to prove the trap behaviour of hydrogen at irradiation induced

structural defects.

It has been shown, that the resistance to hydrogen embrittlement depends

strongly on the chemical deposition of the reactor pressure vessel steel, the flu-

ence, the irradiation temperature and the type of the formed irradiation defects.

An increasingly susceptibility against hydrogen embrittlement was observed at

room temperature, for insitu hydrogen charged samples, at slow strain rates

and low irradiation temperatures. At 250°C hydrogen embrittlement was no lon-

ger proved.

From the results it has been concluded, that irradiation induced defects are no

favoured traps for hydrogen at the operation conditions of the reactor pressure

vessel steels and they will not act as an intern hydrogen sources. Therefore it is

not assumed that at the operation temperature the susceptibility against em-

brittlement is improved by hydrogen. But in general irradiation rises the strength

of the steels and with increasing strength the susceptibility against hydrogen

embrittlement increases.

Therefore the effect of hydrogen on the integrity of reactor pressure vessel

steels has to be proved for conditions out of the normal operation conditions.

Next Steps
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Fig. 1: Reduction in area of in-situ tensile tests at the strain rate of 1 ...2x10-6s-1 in de-
pendence on the fluence
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General Aim

Based on recent results the strategy used for the inspection of austenitic welds

shall be transferred to ultrasonic imaging systems. This shall be performed in

cooperation with the University of Kassel and the Staatliche Materialprüfungs-

anstalt at Stuttgart. Not only the structure of the cladding or the dissimilar weld

shall be taken into account but also the actual geometries of inner and outer

surfaces. Using this imaging technique it should be possible to differ between

cracks and indications due to geometry, inner defects and surface connected

ones and to evaluate reliably their position inside the component. Taking into

account the influence of the anisotropy and first of all of the components geo-

metry shall increase the correctness and accuracy of the inspection results.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Registration and modelling of the micro-structure (IZFP/MPA)

Modeling of wave propagation through the weld (UniK)

Inversion of the wave propagation for an unisotropic SAFT-algorithm (UniK)

Reconstruction of the defects image using a multi-layer SAFT-algorithm (IZFP)

Validation of the new algorithms (MPA/IZFP)

2.2 Program of Work

2.2.1 Registration of the micro-structure of the components to be inspected

(IZFP/MPA).
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2.2.2 Modeling of that recorded micro-structure (UniK).

2.2.3 Theory of wave-propagation (UniK).

2.2.4 Reconstruction of a defect image using a multi-layer SAFT-algorithm (IZFP).

2.2.5 Validation of modeled wave propagation and reconstruction-algorithm on cad-

died plates (IZFP).

2.2.6 Validation of modeled wave propagation and reconstruction-algorithm on dissi-

milar welds (MPA/IZFP).

3 Experimental Facilities

To fulfill the research program the basic equipment and software packages de-

veloped in the three different institutes will be used and adapted to the special

tasks of data acquisition, interpretation, modeling and reconstruction.

4 Computer Codes

SIGPROC-data acquisition program, 2D and 3D-SAFT, 3D-CAD-RAY-SAFT,

SAFT for cladded surfaces named: plattierung-mischnaht.

5 Progress to Date

ref. 2.2.1 Additional macrgraphs of cladded components as well as components contai-

ning dissimilar welds were digitised by MPA and sent to the IZFP.

ref. 2.2.2 As a starting point the structure of a verically welded specimen was prepared

as input-file for the wave propagation modeling tool EFIT.

ref. 2.2.3 Lots of simulations for the wave propagation were carried out using the EFIT-

code, which led to a better understanding of A-scan images. Basing on these

simulations a ray tracing code was formulated for the inversion of synthetic or

experimental data inside a weld-simulating imaging algorithm.

ref. 2.2.4 The algorithm is based on the following model: the probe consisting of piezo-

ceramic and wedge is modeled 3-dimensional with the perspex-wedge isotro-

pic; the specimen under inspection consists of a one- or two-layer transversally

isotropic cladding and a isotropic ferritic base-material. I.e. the model is based

on a four layer SAFT-algorithm. For the calculation of the intersection points of

the ultrasound through the different layers Fermats principal is used.

ref. 2.2.5 Measurements on cladded specimen containing side-drilled holes and rectan-
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gular notches as test-reflectors were carried out. The depth of the reclectors

were in the range of 1 mm to 5 mm (interface between second cladding layer

and base material).

ref. 2.2.6 In spring time 2004 measurements were performed on the vessel nozzle 92 of

the real size vessel of the MPA at Stuttgart. 6 longitudinal defects in a dissimilar

as well as an austenitic weld were inspected. The dissimilar weld was - as typi-

cal for nuclear power plants - welded horizontally, the austenitic weld vertically.

Longitudinal wave probes with insonification angles of 45°, 60° and 70° were

used.

6 Results

ref. 2.2.1 The dendrites in a one- or two-layer cladding are mostly oriented vertically. For

dissimilar welds the grain structure is influenced by the position of the weld du-

ring the welding process: in case of vertical orientation of the weld (e.g. welding

inside the plant) a mostly symmetrical structure of the dendrites is found with

the typical herring-bone pattern at the weld centre; in case of horicontal weld

orientation (e.g. factory welding) this pattern is found in the final welding layer.

ref. 2.2.4 It was found, that a 2-dimensional modeling of the probe - especially in case of

twin crystal probes - is not sufficiant, therefore a 3-dimensional model was ge-

nerated. Using a look-up-table for all possible sound pathes from a point at the

crystal surface through the wedge bottom through first and second cladding

layer to the point-of-interest in the base material and back again it was possible

to reduce the number of calculations necessary in the inner loop by a factor of

80 billions, i.e. the time needed for calculation is with some minutes in an ac-

ceptable range.

ref. 2.2.5 A comparison was carried out between the different reconstruction algorithms

available: conventional pulse-echo, conventional twin crystal, 2-dimensional

Fermat pulse-echo, 2-dimensional Fermat twin crystal, 3-dimensional Fermat

pulse-echo, 3-dimensional Fermat twin crystal, cladding pulse-echo, cladding

twin crystal. It could be stated, that the more accurate the model the higher is

the reconstructed amplitude, i.e. the more signals are added with correct pha-

se.

ref. 2.2.6 All cracklike defects could be detected, their sizes and postiones were imaged
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and measured using the SAFT-algorithm

7 Next Steps

ref. 2.2.2 Expansion in direction to horizontal welded specimen

ref. 2.2.3 Expansion of the algorithm in direction to a SAFT-algorithm for unisotropic ma-

terials

ref. 2.2.5 Additional measurements using different probes

ref. 2.2.6 Validation of the new algorithm of UniK with the datasets picked up.

8 Relation with other Projects
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General Aim

Within the framework of the BMWA reactor safety research program, the ser-

vice-induced precipitation of copper in WB 36 steel (15 NiCuMoNb 5) has to be

detected and characterized by use of electromagnetic testing techniques. An

appropriate approach to this topic was found in the already closed research

project no. 1501219. This approach was evaluated and verified using laborato-

ry test specimens.

The scope of the present project no. 1501269 is the development of a compact

probe for the practical detection of copper precipitation in components. The

progress of precipitation will be characterized by changes in the residual electri-

cal resistance, and the material will be characterized by its mechanical hard-

ness and/or yield strength.

As currently available testing methods (e.g., Vickers hardness tests) can not be

applied area-wide and repetitively, and as spot tests require the predefinition of

critical testing locations, non-destructive testing methods represent a mandato-

ry way of early-detecting changes in the critical material properties. An electro-

magnetic component monitoring system can help power plant utilities to keep

track of possible material aging processes.

2 Particular Objectives and Program of Work

2.1 Particular Objectives
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2.1.1 Optimization of the three approaches for the electromagnetic characterization

of copper precipitation which were developed as a result of the already closed

research project no. 1501219 and improvement of the interpretation of eddy

current and dynamic magnetostriction measurements

2.1.2 Optimization of the suppression of disturbing influences by combining the three

approaches and proof of this procedure's suitability for the application on power

plant components

2.1.3 Enhancement of the knowledge on copper precipitation mechanisms for combi-

ned influence of temperature and cyclic fatigue

2.1.4 Investigation of the effects of changes in the microstructure on the material's

toughness

2.2 Program of Work

2.2.1 Preparation and mechanical characterization of samples (in parts by MPA

Stuttgart via sub-contract)

- Further round samples (d = 6 mm, I = 80 mm, M6x10 threads on both sides)

of heat E2 in "as delivered" condition are to be manufactured by MPA and ser-

vice-simulated by IZFP at a temperature of 400 °C. Very short durations of ser-

vice exposure (< 100 h) should also be taken into account. Service-exposed

material originating from pressure vessel drum and pipe segements of different,

but defined heats are to be machined into round samples and larger blocks.

Part of the samples shall be recovery-annealed and service-simulated anew.

Part of the heat treatments will be conducted at MPA.

- Small sample sets of suitable heats and dimensions that meet the require-

ments of both thermoelectrical and conductivity/permeability measurements are

to be machined from material of MPA and heat treated at IZFP if required.

- Hardness measurements shall be conducted as part of the mechanical mate-

rials characterization on all samples, so that reference values are present for

use with the electromagnetic characterization. LCF and Charpy experiments

are to be conducted at MPA. As far as possible, the samples shall also be cha-

racterized in terms of their residual electrical resistance G.

2.2.2 Optimization of the three electromagnetic approaches (Barkhausen noise and

upper harmonics analysis, eddy current analysis, analysis of dynamic magneto-

striction) in order to achieve an optimum suppression of disturbances
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- A probe which is suited for Barkhausen noise and upper harmonics analysis

on both round samples and component segments shall be developed, and the

optimum parameters of operation are to be determined.

- In order to realize an eddy current approach under the given practical circum-

stances, a probe for one sided access operation has to be designed. By deve-

lopment of a suitable hard- and software solution, an improved separation of

conductivity and permeability influences in the measured signal shall be achie-

ved.

- By development of an optimized electromagnetic acoustic transducer (EMAT),

the approach of dynamic magnetostriction analysis may be optimized for one

sided access operation under practical circumstances. An appropriate transdu-

cer shall be developed, and the optimum parameters of operation are to be de-

termined.

- The practical fitness of the optimized approaches shall be evaluated by appli-

cation to all available round and block-shaped samples. The possibility of incre-

asing the suppression of practical disturbances through combined use of the

approaches shall be investigated.

- The obtained results should lead to the development of a prototype probe

which is capable of real-time Cu precipitation analysis on material segments of

real components.

2.2.3 Materials investigation concerning copper precipitation mechanisms (MPA

Stuttgart via sub-contract)

- LCF experiments at different temperatures from 450 °C to room temperature

with recovery-annealed material of heat E59, particularly at higher strain ampli-

tudes, low frequencies and cycle counts

- LCF experiments with heat-treatment stabilized material of heat E59 at a tem-

perature to be determined based on the results obtained for the recovery-an-

nealed material

- Post-LCF characterization of the material state by means of hardness, residu-

al electrical resistance and Charpy tests. The IZFP is to be provided with corre-

sponding samples.

3 Experimental Facilities
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Krautkrämer TIV hardness tester, 3MA testing device, EMUS testing device,

tensile testing equipment, personal computer with data acquisition hardware,

function generators, filters and amplifiers

4 Computer Codes

Modular Measurement System (MMS): measurement and evaluation software

for electromagnetic materials characterization

5 Progress to Date

ref. 2.2.1 As part of the cooperation between IZFP and MPA, the scheduled long-term

service-simulations of both E59 EG and E59 SG material at MPA were conti-

nued (see ref. 2.2.3), and the corresponding samples were provided to IZFP as

planned. The sample characterization via tensile and Charpy tests will take

place as soon as the hardness maximum of heat E59 EG is reached.

The intermittent service exposure simulation and characterization of six WB 36

E2 samples which was started at IZFP in late 2003 was finished as planned af-

ter a total duration of 960 h. The material was intermittently annealed at 400 °C

and characterized through Vickers hardness, Barkhausen noise, upper harmo-

nics and eddy current tests. In order to capture the initial material behaviour,

very short intervals of 24 to 48 hours were used in the beginning of this experi-

ment.

ref. 2.2.2 Round samples of both the cold-rolled plate heat E2 and the pressure vessel

drum heat E59 which were used for the long-term simulation of thermal service

exposure of WB 36 (see fig. 1) were electromagnetically characterized using

the newly developed probe for Barkhausen noise, upper harmonics and eddy

current analysis. In part of these experiments, disturbing influences like plastic

deformation and tensile loads were superimposed for the imitation of practical

circumstances. All experiments were repeated several times within 6 months

for the quantification of long-term stability. The target quantities to be predicted

electromagnetically were the Vickers hardness (which was previously determi-

ned as HV 5 with a 95% confidence interval of ±5 HV 5) and the residual elec-

trical resistance, G (determined by MPA Stuttgart as a measure for the amount
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of precipitated copper). The quantity G was available for all samples of heat

E59 and for the subset A1 of heat E2 (see fig. 1). The quality of the electroma-

gnetic prediction was assessed by means of R2 and RMSE statistics in either

case.

As an alternate approach to the inverse problem of target quantity prediction

from the electromagnetic quantities, a specialized pattern recognition method

was developed within the scope of a diploma work at IZFP. In contrast to the

classical approach (regression analysis for the determination of an approximati-

on polynomial), the pattern recognition method was expected to perform better

under the influence of disturbances. Both approaches were evaluated based on

the same data which were split up into a calibration subset and a test subset.

Additionally, the selection of these subsets was permuted in different ways in

order to verify the calibration for information redundancy.

The results of the intermittent service exposure simulation and electromagnetic

characterization of the heat E2 were evaluated into detail. The aim of this expe-

riment was to acquire all electromagnetic testing quantities and Vickers hard-

ness values which correspond to different copper precipitation states of the sa-

me sample. This procedure revealed the sensitivity of each testing method for

the Vickers hardness as target quantity as well as the possible influences of

material texture, surface treatment and other disturbances. The database which

was obtained in this experiment not only led to the minimal set of required elec-

tromagnetic methods and quantities for copper precipitation monitoring but also

to optimum testing parameters.

Concerning the possible use of the EMAT method for dynamic magnetostriction

analysis in combination with Barkhausen noise, upper harmonics and eddy cur-

rent analysis, a concept for the construction of an appropriate transducer unit

was worked out.

ref. 2.2.3 The following work was done at MPA Stuttgart:

In order to enable the machining of Charpy specimens from the tensile bars af-

ter LCF testing, the samples had to be made larger than usual. In conse-

quence, the testing machine was equipped with the necessary adaptors and

control/measurement devices. The residual electrical resistance (G) was deter-

mined for all samples prior to the test, so that changes due to LCF loading were
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precisely observable for each sample. On the basis of preliminary results and

readily available data for this material, the testing parameters and the number

of applied load cycles were selected. This way it is assured that thermo-

mechanical aging takes place, while, on the other hand, incipient cracking can

be avoided.

Three test series, each with 5 samples of heat E59 EG, were performed at 350

°C under different loading parameters which fulfill the previously mentioned

conditions. Similar experiments were started for the heat-treatment stabilized

state E59 SG. Prior to the machining of Charpy samples from the fatigued ma-

terial, the value of G was determined and compared to its initial value.

6 Results

ref. 2.2.1 After an annealing time of 12,000 h at 400 °C the hardness of the recovery an-

nealed material state E 59 EG has significantly increased as compared to the

results after 9,000 h. From the course of the hardness over annealing time of

the data obtained so far, a further increase in hardness is anticipated for the

annealing time of 15,000 h. It is likely that the maximum hardness might not

even be reached after that time. From the performance of the G value versus ti-

me it can be concluded that the process of copper precipitation is still going on,

which supports the results of the hardness measurement. For this reason the

withdrawal of the material bars for tensile and Charpy specimens which was

planned after 12,000 h has been postponed to the time when 15,000 h are rea-

ched.

For the heat treatment stabilized material state E59 SG there was no change in

both G and Vickers hardness up to the current annealing time of 9,000 h.

As far as the mechanical properties are concerned, all samples of the intermit-

tent service exposure simulation at IZFP reached their maximum hardness in-

crease of about 25 HV 5 at about 800 hours of simulated service exposure at

400 °C.

ref. 2.2.2 The Vickers hardness of all available WB 36 round samples was predicted with

high accuracy using a combination of Barkhausen noise, upper harmonics and

eddy current analysis as testing method and pattern recognition for calibration.

As far as the heat E2 is concerned, a calibration involving all subsets A1, A2,
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EG, PV5 and PV11 (see fig. 1) achieved a worst-case RMSE of 2 HV 5 and a

Pearson's R2 of 0.98 in all repetitions and under all investigated permutations of

calibration and test set (see fig. 2). Under superimposed tensile loading, the ca-

libration achieved an RMSE of 4 HV 5 and an R2 of 0.91, which was at least

partially affected by a more difficult magnetic coupling between probe and sam-

ple inside the tensile testing apparatus. Repetitions and calibration/test set per-

mutations have shown a very good long-term stability and redundancy of the

calibration. In any case, the pattern recognition method showed superior perfor-

mance as compared to the previous approach of regression analysis. The ass-

umed capability of improved disturbance suppression was clearly shown in the

above mentioned case of superimposed tensile loading, where regression ana-

lysis would not exceed an R2 of 0.73 and barely reached an RMSE of 7 HV 5.

Although no major increase in hardness was observed in case of the heat E59,

calibrations and repeated tests on both subsets EG and SG were successful for

the existing samples, achieving a similar accuracy and long-term stability of

both the predicted Vickers hardness as well as the predicted residual electrical

resistance G. This result implicitly confirms the stability of the heat-treatment

stabilized subset SG from an electromagnetic point of view.

An evaluation of the intermittent service exposure simulation and correspon-

ding materials characterization of six WB 36 E2 samples has shown that eddy

current and upper harmonics noise analysis tend to have a higher sensitivity for

copper precipitation than Barkhausen noise analysis does. However, it was al-

so shown that all methods contain influences of the sample history and the sur-

face treatment, so that a combination of all three methods is strongly recom-

mended.

ref. 2.2.3 The LCF tests were performed successfully; none of the samples failed due to

incipient crack formation. There were significant changes in the value of G due

to LCF loading. Although the test temperature was as low as 350 °C, the group

with a short cycle time of 24 s and a resulting total testing time of 2.3 h caused

almost the same increase in G as material thermally aged at 400 °C for about

5,000 h. This shows that alternating plastic deformation accelerates the ageing

process significantly.
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7 Next Steps

ref. 2.2.1 The next steps will be according to the program of work. A time chart of the

work planned at MPA Stuttgart is present at IZFP.

ref. 2.2.2 The next steps will be according to the program of work. The following work will

particularly concern the realization and optimization of an EMAT transducer

which is suited for dynamic magnetostriction analysis. It will be investigated if

the additional use of this method beneath Barkhausen noise, upper harmonics

and eddy current analysis may be of advantage.

ref. 2.2.3 The next steps will be according to the program of work. A time chart of the

work planned at MPA Stuttgart is present at IZFP.

8 Relation with other Projects

1501087: "Betriebsbedingte Eigenschaftsänderungen kupferhaltiger ferritischer

Behälter- und Rohrleitungsbaustähle"

1501219: "Nachweis von Cu-Ausscheidungen mittels mikromagnetischer Prüf-

verfahren"

9 References

I. Altpeter, G. Dobmann and K. Szielasko: "Non-destructive characterization of

thermal ageing of components made of the Cu-rich steel 15 NiCuMoNb 5

(1.6368) by use of micro-magnetic NDT", 4th Int Conf on NDE in Relation to

Structural Integrity for Nuclear and Pressurised Components, 6-8 December

2004, London

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Sujset Label

E2A1

E2A2

E2EG

E2PV5

E2PV11

E2IGA

E2IGE

E2IGAR

E2IGARS

E2IGERS

E59B

E59EG

E59SG

E2A

E59B

E59EG

E59SG

Amount

16

11

13

2

6

3

3

1

1

1

2

16

14

1

1

1

1

Shape

round

round

round

round

round

round

round

round

round

round

round

round

round

block

block

block

block

History/Scope

3 hat 600 °C

plastic deformation: 5 %

plastic deformation: 11 %

-

3 h at 600 "C

reference ssm pie, untouched

reference sample, polished

3 h at 600 °C; reference sample, polished

57,000 h at 350 "C

57,000 h at 350 °C -} 3 h at 600 °C

57,000hat 350 °C -2>3hat 6Q0°C -»Stabilization

-

57,000 h at 350 °C

57,000 h at 350 °C -} 3 h at 600 DC

57,000 h at 350 "C -> 3 h at 600 °C -=> Stabilization

Exp. at400°C

2,998 h

1,680 h

1,512 h

n/a

1,680 h

960 h*

960 h*

n/a

n/a

n/a

n/a

12,000 h

9,000 h

Oh

n/a

Oh

Oh

Fig. 1: WB 36 sample sets of IZFP (* = intermittent service exposure simulation)
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Fig. 2: Correlation between nondestructively (nd) determined and actual Vickers hard-
ness for WB 36, heat E2, subsets A1, A2, EG, PV5 and PV11
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General Aim

The general aim of the research project within the frame of reactor safety rese-

arch of the BMWA consists of the analytic description of coolant flows with solid

particles (insulation materials) based on experimental confirmed data basis.

Models have to be developed which describe the particle transport phenomena

in flow including:

* various geometric and fluidic boundary conditions;

* sedimentation and resuspension;

* agglomeration and pressure increasing at hold-up devices.

The conditioning of parameters and validation of models and methods will be

realised by means of experimental investigations using modern flow measure-

ment and image processing technologies. The models will be implemented in

CFD-Codes. The results of the investigations represent a contribution to impro-

ved safety assessment of nuclear power plants and to sustainment of compe-

tence in the field of nuclear technologies.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Fragmentation of defined insulation material targets under accidental conditions

2.1.2 Investigations of sink and transportation behaviour of insulation material in wa-

ter flow fields
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2.1.3 Investigations of the impact of hold-up devices on insulation-water flow

2.1.4 Investigations of the impact of jets on 3D-phenomena under a free water sur-

face

2.1.5 Investigations of integral behaviour of multidimensional insulation-water flow

2.2 Program of Work

2.2.1 Creating defined batches of isolation material under accidental conditions

2.2.1.1 Construction and installation of the test facility "Fragmentation"

2.2.1.2 Experimental investigations

2.2.2 Sink and Transportation behaviour of insulation material in multidimensional

flow fields

2.2.2.1 Construction of plexiglass test facilities

2.2.2.2 Experimental investigations

2.2.2.3 Methodological investigations

2.2.3 Behaviour of insulation water flow at hold-up devices

2.2.3.1 Adjustment of the test facility "Ring line-IP

2.2.3.2 Experimental investigations

2.2.3.3 Methodological investigations

2.2.4 Impact of water jets on the behaviour of a 3D-flow field under a free water sur-

face

2.2.4.1 Construction and installation of the experimental facility "Tank"

2.2.4.2 Experimental investigations

2.2.4.3 Methodological investigations

2.2.5 Integral test at the test facility "Flow tray"

2.2.4.1 Adjustment of the test facility "Flow tray"

2.2.4.2 Experimental investigations

2.2.4.3 Methodical investigations

Compilation of the results in the final report.

3 Experimental Facilities

Pressurizer test facility (DHVA), Fragmentation, Ring line, Flow tray

Plexiglass test facilities: Column, Tank, Ring channel

4 Computer Codes
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CFD-Codes: CFX-4, CFX-5; ATHLET-Code, image processing software HAL-

CON

5 Progress to Date

ref. 2.2.1 Realisation of fragmentation experiments in the fragmentation vessel

(connected with the pressurizer test facility) under BWR-conditions (70 bar,

285°C) with the insulation materials MDK and MD2 (Figure 1).

Removal of the direct venting pipe connection to the environment from the faci-

lity "Fragmentation" and installation of a new venting pipe into a large water

bassin.

ref. 2.2.2 Experiments were realised at the "Column" rig to complement the existing data

basis with single insulation particles.

The sinking experiments with single insulation particles exclude undesirable ef-

fects, such as collisions between two particles or other interactions. The experi-

ments were carried out with MD2 and MDK particles fragmented under BWR-

LOCA conditions.

An iterative calculation method was developed to determine the density of the

disperse phase (particle-water-mixture) based on similarity numbers (Reynolds

and Archimedes number), sinking velocity of the particles, dimensions and sha-

pe factors.

Separate effect experiments were realized regarding the behaviour of transpor-

tation, sedimentation and re-suspension of MD2 and MDK insulation material at

the test facility "Ring Channel" under consideration of installed barrages and

without internals. Figure 2 shows the flow of nearly pure water phase above the

sediment of the disperse insulation particle phase of MD2 at 21 °C. It was ob-

served that parts of capillary particles were contained in the water phase flowi-

ng with nearly the same velocity as the fluid. No re-suspension processes were

observed up to velocities of 9...10 cm/s. The sedimentation layer remains con-

stant for these conditions (Figure 2).

The sedimentation layer at the bottom of the "Ring Channel" rig changed it is

shape depending on higher velocities of about 12 cm/s and on increasing volu-

me of the disperse phase. Conglomeration processes of the sediment and du-
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ne flow at the bottom were observed. This means that sediment was locally

transported to other areas (Figure 3).

The further development of the CFD-models was taken into account the Euler-

Euler-formulation for the two-phase flow simulation of particle-water flows. As a

result of experiments realized at the "Column" rig the drag force was used for

the modelling of the interaction between the fluid and the disperse phase. The

Schiller-Naumann-correlation was applied for the calculating the drag coeffi-

cient.

Analyses was carried at simulate sedimentation und re-suspension processes

with the CFD-Code CFX-4. The modelling contain the dependency of the di-

sperse phase viscosity on the volume of the disperse phase (Figure 4).

Figure 5 demonstrates the comparison between a measured flow region

(superposition of PIV data and digital image processing results) and calculated

results generated with CFX-4 simulations. The two-phase flow in the area of

two barrages is depicted, as well. The comparison indicates good qualitative

concordance between experiment and simulation.

ref. 2.2.3 A laboratory test rig was installed to determine the porosity of insulation materi-

al layers in water below different mass forces. Experiments were realised for

different thicknesses of the insulation packed beds and for insulation materials

MD2 und MDK considering a temperature range between 20°C and 72°C.

The components of test facility "Ring-Line-H" were installed including the instru-

mentation and the data aquisition system.

The specification of a "porous body" model and the implementation in the CFX-

4-code served for the simulation of hold up devices. The "porous body" model

calculates the head loss as a function of the integral mass flow.

ref. 2.2.4 The test facility "Tank" was used to investigate the behaviour of bubble cones,

wich were induced in a water volume during the impact of a falling water jet at a

free water surface. The nominal diameter of the water jet pipe amounts 50 mm.

The experiments were realized at 20°C. The jet velocities ranged from 0,2 m/s

up to 4 m/s. Particularly, the immersion depth and the widening of the bubble

cones were observed against the distance between pipe outlet and water sur-

face and the velocity of the jets by a stereo CMOS camera system.

ref. 2.2.5 It was decided to install a new "Flow Tray" test facility for integral experiments
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instead of the re-construction of a available "Flow Tray" facility, because the

present facility consists of ferritic steel. The new "Flow Tray" facility has the fol-

lowing improved features:

* The components or the surfaces of components will manufactured in stainless

steel (no corrosion products, no paint or coating exfoliations into the particle-wa-

ter-flow, option: using boric acid).

* The elevation of the facility is increased from 1.7 m up to 3 m to reproduce

original liquid levels of LOCA scenarios in NPP.

* The flow in the outlet chamber will tranquilised.

Static dimensioning calculations were realised to decide the wall thickness and

the dimensions of the constructive elements and components.

6 Results

ref. 2.2.1 An improved mass balance was achieved between installed insulation targets

and recovered insulation fragments after shelling with blowdown jets at the tar-

gets through backfitting of the venting pipe into a water bassin.

ref. 2.2.2 Particles of insulation material which were fragmented under real accident con-

ditions showed noticeable deformations in comparison to particles of coldly

fragmented material during sinking experiments in the "Column" rig. This was

caused by the resulting lengths of mineral wool fibres, which were significantly

reduced by the original vapour jet at the insulation targets in comparison to the

coldly fragmented material. For further statistical analyses a wider range of par-

ticle shape parameters was compiled while carrying out sinking experiments.

As a result, particle attributes and shape factors were determined which have

an essential influence on the particle sink rate in resting fluid.

Furthermore, a classification of all appearing insulation material particles was

done by using so-called Takagi-Sugeno models. The latter consists of a rule

base and were generated by clustering the recorded particle data. While compi-

ling the fundamental data pool the fines of insulation material were not taken in-

to account. Thats why it is observation with an image processing system is only

possible by carrying out a group of separate experiments with the use of speci-

al optical components.

The rule base of a Takagi-Sugeno model consists of multiple rules, where each
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rule contains a premise part and a consequence part. The premise defines a

certain input subspace by a conjunction of fuzzy clauses that contain the input

variables. The consequence part is a linear regression model. By these models

the sink rate of an arbitrary isolation material particle can be determined. The

calculation is based on some shape factors, surface area and contour length

[3]-

An iterative method for the determination of particle density was developed.

Starting from a pre-assigned value of particle-water mixture density, the Archi-

medes number can be determined depending on intermediate data like fluid

density, particle/water-mixture density, equivalent particle diameter, accelerati-

on of gravity and kinematic viscosity of the fluid.

The Reynolds number was calculated for three category groups depending on

the value of the Archimedes number. Using the Reynolds number it was possi-

ble to determine the friction factor between water and the particle-water mixture

phase. The final step consists in the calculation of the particle-water mixture

density depending on the friction factor and the sinking velocity of each particle.

A percentage difference between the calculated density of two iteration steps

was set as termination condition of the iteration.

Concerning the CFX calculations for sedimentation and sinking behaviour of

particles in the test rig "Column" the Schiller-Naumann correlation method can

be applied for the determination of the drag coefficient.

Sink rates were calculated against the drag coefficient and density differences

between water and particles. Calculations were made by using different particle

sizes to demonstrate the principal applicability of the Eulerian-Eulerian multi-

phase model.

The data base generated by experiments at the test facility "Ring Channel" is

fundamental for modelling transport, sedimentation and resuspension of insula-

tion material in a horizontal carrier flow: This scenario can occur at the bottom

of the containment during a LOCA.

Several mixtures of water and insulation material MD2, which was fragmented

under real accident conditions at the test rig "Fragmentation", were inserted in-

to the test facility. The velocity of the carrier flow can continuously be controlled

by horizontally positioned impellers. The observation of particle motions was
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realised by an image processing system. The vectorial velocity fields were ob-

tained by using a PIV (Particle Image Velocimetry) system. The functional prin-

ciple of the system is based on imaging the light scattered by small tracer par-

ticles in the flow illuminated by a laser light sheet.

Based on the experimental results the modelling of re-suspension behaviour

with CFX-4 was realised by defining the viscosity of the solid phase. Several

calculations were made to confirm the concordance with the experiments.

ref. 2.2.3 Using the laboratory test rig for the determination of porous properties a sub-

stantial influence of the initial insulation material thicknesses was observed

concerning the compressibility of the packed bed under forced pressure. Diffe-

rent temperatures impacted the compressibility insignificant.

The successful adjustment of the boundary conditions and the results of initial

operation experiments regarding the head loss experiments at a hold up device

(4/7 mm perforated plate) showed the applicability of the facility "Ring-Line-M"

to perform separate effect experiments and integral tests in the required para-

meter range.

CFX-4 pre-test calculations with the "porous body" model showed a strong mul-

tidimensional behaviour for the agglomeration and a heterogeneous allocation

of the filter cake at vertical hold up devices. The calculations supplied similar

results for the allocation of the insulation material [2].

ref. 2.2.4 The algorithms of the digital image processing system were applied to the esti-

mation of 3D particle parameters. Now, it is possible to calculate the volume of

separate particles. A three dimensional visual presentation of observed partic-

les was developed using virtual reality modelling language (VRML).

First experiments at the "Tank" facility showed that the immersion depth of the

bubble cones increases with an increasing distance between jet outlet and wa-

ter surface at same outlet velocities.

ref. 2.2.5 A technical documentation and manufacturing drawings were made. The fabri-

cation of the integral test facility "Flow Tray" was initiated.

7 Next Steps

ref. 2.2.1 Future fragmentation experiments will be carried out with MD2-targets. The me-

thodological investigations for CFD modelling should concentrate on this speci-
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al insulation material [5].

ref. 2.2.2 The experiments will realized at the "Ring Channel" test facility according to the

concerted experimental matrix [5].

CFX-4 post test calculations will performed with the developed model taking in-

to account parameter variations according with the experimental boundary con-

ditions.

ref. 2.2.3 Further modelling should consider characteristic values of differential pressure

depending on the load factor of the particles measured at the test facility "Ring

Line-ll". During the experiments at the hold-up devices important parameters

will be determined, such as:

* height of the filter cake;

* mass of the dry particle fraction;

* wet mass of the filter cake;

* velocity at the strainer;

* viscosity of the fluid phase.

The experiments will be realized at the "Ring Iine-ll" test facility according to the

concerted experimental matrix [5].

ref. 2.2.4 Experiments will be continue at the facility "Tank" . Different pipe diameter will

be installed for the jet outlet.

ref. 2.2.5 The integral test facility "Flow Tray" will be installed in the laboratory. Hydrosta-

tic tests, the installation of the instrumentation and initial operation experiments

will follow.

8 Relation with other Projects

1501102 "Resuspension von Aerosolen durch transiente Strömungen im Con-

tainment"

1501207 "Kondensation bei stratifizierter Strömung in Gegenwart nichtkonden-

sierbarer Gase"

RS 1099 COCOSYS / ASTEC
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Fig. 1: Fragments of insulation material MDK after steam line rupture simulation (7.0
MPa, 285 °C)
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Fig. 2: Continuous water flow about MD2 sediment at the "Ring Channel" test facility wi-
thout re-suspension processes (21 °C, 9cm/s average velocity of the water basis flow)
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Fig. 3: Flow field during re-suspension and dune flow of MD2 at the bottom of the "Ring
Channel" test facility (21 °C, 12 cm/s) observed with PIV- and digital CMOS camera sys-
tems



Fig. 4: Modelling of the viscosity for the disperse phase depend on the volume quality in
the two phase mixture
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Digital observation of the
particle movement
(background) and flow field
analysis with a PIV-system

Result of CFX-4 calculation for
the transportation behaviour of
insulation material in a ring
channel segment with two
barrages

•I?

...Ji. ..

Fig. 5: Comparison of measured and calculated flow fields of a MD2-water two phase
flow at barrages in the "Ring Channel" facility



2004 1501271 1 /13

Berichtszeitraum / Period

2004
Klassifikation / Classification

02.3
Förderkennzeichen / Project Number

1501271
Vorhaben / Project Title

Development of CFD Software for the simulation of multi dimensional flows in the reactor coo-
ling system.

Entwicklung von CFD-Software zur Simulation mehrdimensionaler Strömungen im Reaktor-
kühlsystem
Arbeitsbeginn / Initiated

01.08.2002
Arbeitsende / Completed

30.11.2005
Berichtsdatum / Last Updating

11.01.2005

Fördernde Institution / Sponsor

BMWA
Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

ANSYS Germany GmbH
Leiter des Vorhabens /Project Leader

Menter, Florian, Dr.-Ing.
E-mail Adresse des Leiters des Vorhabens

Florian.Menter@ansys.com

1 General Aim

The main goal of the project is the development of a general CFD package for

the simulation of flows in the cooling system of nuclear reactors. The project is

carried out in co-operation with the GRS in Garching and the Forschungszen-

trum Rossendorf. The CFD development will be based on the commercial CFD

package CFX-5 of AEA Technology. The emphasis is on two-phase flows wi-

thout phase change. The software will be developed by CFX. GRS will apply

the new modules and Rossendorf will supply the experi-mental data. All part-

ners are engaged in the formulation of the models and the validation against

the experimental data. One of the main goals is to enable CFX-5 to compute

different flow regimes for two-phase flows in flow geometries of reactor safety

analysis ap-plications. This requires formulations for the volume fraction, the

surface area density, the size distribution and the topology of the gas phase.

The final goal is to supply CFD software, which is capable to predict the flow in

reactor cooling systems during regular operations and under severe accident

scenarios. This requires model formulations for the void fraction, the interfacial

area density as well as for the topology and size distribution of the gaseous

phase. The final goal is to deliver a CFD simulation software which is able to

compute the flow in reactor cooling systems under normal conditions of operati-

on and for certain accident scenarios.

2 Particular Objectives and Program of Work
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2.1 Particular Objectives

2.1.1

2.2 Program of Work

2.2.1 Software Engineering and Interface Definition.

All software development will be based on the CFX Software Engineering (SE)

concept of ANSYS CFX. The concept was developed during the SEMPA pro-

ject and has evolved into the general infrastructure of CFD development for all

internal and external CFX projects.

2.2.2 Flows with Low Volume Fraction of the Second Phase.

This work point will mainly deal with flows with low volume fractions, where the

second phase is dispersed as drops, bubbles or particles in the continuous

phase. The flows will be modeled by a formulation of classes of different size,

which can interact with one another.

2.2.3 Flows with High Volume Fraction of the Gas Phase.

For flows with high volume fractions, the distinction of dilute and continuous

phase is no longer applicable. Typical examples are plug flows, flows with foam

and free surface flows (will be treated in WP 2.2.4). Of special interest is the

transition of flows with low vol-ume fraction to those with high volume fraction.

2.2.4 Flows wit Free Surfaces.

Flows with free surfaces are characterized by a separation of the phases by a

free sur-face. The treatment of the free surface is a main numerical concern, as

a sharp interface is required to capture the dynamics of the phase interaction. A

homogenous multiphase model will be applied and optimized to capture typical

flow regimes observed during a loss of coolant accident.

2.2.5 Provision of the CFD Module.

It is the goal of the project to provide an efficient CFD package for the simulati-

on of flows in the cooling system of nuclear reactors. In the current WP, the in-

termediate versions of CFX-5 will be provided to the project partners for valida-

tion and application. ANSYS CFX will also support the partners in their model

development activities and in the installation and use of the software.

2.2.6 Compilation of the results in the final report.
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3 Experimental Facilities

Experiments will be carried out by the Forschungszentrum Rossendorf (FZR)

and by the Department of Thermodynamics at the TU Munich (TD/TUM, hori-

zontal plug flow). Additional experimental data will be selected from already

existing investigations (e.g. ex-periments at the MT-Loop test facility at FZR)

and from literature.

4 Computer Codes

All CFD development will be based on the CFX-5 software package of ANSYS

CFX.

5 Progress to Date

ref. 2.2.2 In the current reporting period the following multiphase flows with low volume

fraction of the gaseous (second) phase have been investigated:

a) Simulation of the MT-Loop testcases 017, 019, 038, 039, 040, 041, 042 and

074 taking into account the non-drag forces, i.e. lift force, wall lubrication force

and turbulent dispersion force; comparison of numerical results with experimen-

tal data from the MT-Loop test facility at FZR.

b) Simulation of the MT-Loop 074 testcase taking into account full compressibi-

lity of the disperse phase and the resulting change in bubble diameter with in-

creasing height in the vertical pipe; prediction of upward and downward flows

for the flow conditios of FZR-074 testcase

c) Prediction of testcases publiched by Colin & Legendre (2001) for upward and

downward directed pipe flows as well as bubbly flows under conditions of mi-

crogravity

d) Investigation of bubbly flows with transient change of the fluid volume flow

rate in the inlet cross section on the examples of MT-Loop tests decO63,

dec074, incO61 and incO73; Transient bubbly flows with a sudden increase as

well as with a sudden decrease of fluid volume flow rate but with constant gas

volume flow rate have been investigated. Numerical results for the transient

gas volume fraction profiles at the measurement location at z=3.03m and the

transient development of gas volume fraction distribution over the pipe length
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have been compared to the experimental data from the MT/Loop test facility at

FZR.

e) Investigation of a horizontal air-water two-phase flow in a pipeline of circular

cross section followed by a 180 degree vertical bend as described in the publi-

cations of Takamasa & Kondo (1995) and Takamasa & Tomiyama (1999); In

these investigations all the non-drag forces like lift, wall lubrication and turbu-

lent dispersion forces have been taken into account. The flow under investigati-

on is a disperse bubbly flow with an averaged gas void fraction of about 1%.

The uppward as well as the downward directed flow through the pipe bend has

been investigated. The gas volume fraction distributions for 5 previously defi-

ned cross sections in the pipe bend have been compared to the experimental

data presented in the named publications. The developed multiphase flow mo-

dels thereby have been applied to a complex 3-dimensional flow, where the

gas volume fraction distribution in the pipe bend is mainly determined by the in-

teraction of the gaseous phase with the Taylor vortices developing in the pipe

bend.

ref. 2.2.3 For some selected testcases from the MT-Loop and TopFlow testcase matrices

with higher volume fraction of the gaseous phase numerical investigations have

been carried out using a multiphase flow model with one continuous and up to

five disperse phases. These investigations had been performed under the ass-

umption, that the bubble size distribution is fully developed and not further af-

fected by bubble breakup and coalescence processes. In these investigations

each disperse phase represents a single bubble size class, whereby mass

transfer terms due to bubble breakup and coalescence had been neglected for

the time being.

Further the MT-Loop testcase FZR-140 (approx. 35% mean gas volume fracti-

on) has been numerically investigated using the standard MUSIG model (1xM

MUSIG model) of CFX-5.7. Also the predicted gas volume fraction and velocity

profiles compared well to the experimental data for the final measurement

cross section at z=3.03m, the model could not reproduce the axial development

of the bubble size distribution and the radial demixing of different bubble size

classes due to different direction of lateral lift forces for bubbles of different si-

zes. Therefore these investigations showed clearly the demand for further mo-



2004 1501271 5/13

del development for the given class of multiphase flows.

In the following in colaboration with FZR a copletely inhomogeneous Nx1 MU-

SIG model had been developed and implemented through the given User Fort-

ran interface into CFX-5.7. In this kind of MUSIG model the bubble size distri-

bution of the air-water mixture will be represented by up to 16 disperse phases,

whereby the bubble breakup and coalescence is taken into account by intro-

duction of corresponding mass transfer terms between the disperse phases. By

using Perl Power Syntax the resulting extensive flow simulation setup could be

reduced from interiorly 4.500 lines of manually edited CCL to approx. 1.600 li-

nes of nearly completely automated CCL setup. The model had been applied to

the TopFlow FZR-074 testcase and the results had been compared with experi-

mental data.

In a further development of the above MUSIG model a so-called inhomoge-

neous NxM MUSIG model had been developed in the CFX-5.8 core develop-

ment, which is currently tested in an early alpha release of the software. In this

model the disperse phase is decomposed into N independent classes

(so-called "homogeneous groups"), where for each class a complete set of mo-

mentum transport equations are solved. This enables the full modelling of the

lateral demixing processes as they are taking place in bubbly flows with a

broad bubble size distribution (far beyond the critical Tomiyama diameter). Ad-

ditionaly within each homogeneous group the gaseous phase is represented by

M bubble size classes moving all with the same velocity field of one of the N

homogeneous groups. Bubble breakup and coalescence leading to a change in

bubble size distribution is taken into account by suitable modelling.

In an additional investigation the so-called Edwards Test has been predicted

using CFX-5.7. The Edwards Test is one of the standard tests which is often

used for the validation of system codes. Consider water under high pressure

contained in a pipe with wall at one end and a burst disc at the other end. At

T=0.0s the burst disc is broken and the superheated water under atmospheric

pressure is suddenly evaporating (flashing). The evaporation process is propa-

gating in a front through the whole pipe until the pipe is entirely filled with water

vapour,

ref. 2.2.4 In the reporting period the formation and propagation of slug flows in horizontal
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pipes and ducts has been further investigated. CFX-5.7 has been used for the

numerical prediction of slug flow formation with inlet conditions, where a homo-

genous mixing of the liquid and gaseous phases has been assumed. Höhne,

Vallee and Sühnel (2004) used the numerical approach developed at ANSYS

Germany for the prediction of slug flow in a channel with rectangular cross sec-

tion. This channel is operated as a test facility at FZR. The experimentally ob-

tained pressure boundary conditions from the test facility were used as bounda-

ry conditions for the CFD calculation. Thereby the formation of slug flow regime

could be successfully predicted in the comparable short test section of the 3.5m

long duct. The CFD simulation result has been compared with video observati-

ons from the test section and with pressure transducer data at given measure-

ment locations.

ref. 2.2.5 Models for the lift, wall lubrication and turbulent dispersion force acting on bub-

bles in disperse multiphase flows have been implemented in CFX-5.7 within the

reporting period. CFX-5 have been delivered to customers in versions CFX-5.7

and CFX-5.7.1. Furthermore the inhomogeneous NxM MUSIG model has been

implemented in the CFX-5.8 core product as a Beta feature, which will be

available to project partners for further validation and development. CFX-5.8 is

further subject to intensive effort for robustness improvements of multiphase

flow models and free surface models on the level of numerical solution algo-

rithms, which will lead to improved CFD results and decreased numerical effort

for a broad range of multiphase applications.

6 Results

ref. 2.2.2 The derived and implemented models for bubble lift, wall lubrication effect and

turbulent dispersion of bubbles in disperse multiphase flows have been valida-

ted for a large number of testcases under widely varying flow conditions. The

agreement between numerical predictions obtained with CFX-5.7 and the dife-

rent experimental results from FZR test facilities was predominantly good, so

that these models can be regarded as accurate, reliable and validated within

the range of their applicability and validity. But so far the good agreement could

only be obtained for cases, where bubble breakup and coalescence was of ne-

glectable importance. If these processes become significant, they lead to a
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change in bubble size distribution followed by a change in the gas volume frac-

tion distribution in the flows under investigation. In order to take these effects

into account in the numerical simulations, different modelling approaches have

to be considered as investigated in AP3.

The results of the numerical predictions of transient disperse bubbly flows for

the MT-Loop tests decO63, dec074, incO61 and incO73 had been throughly dis-

cussed with scientists from FZR. All four simulated testcases showed overall

very good agreement with experiments.

Results will be published in a colaborative publication with Dr. Krepper and Dr.

Prasser at the NURETH-11 conference in 2005. The results of flow predictions

for the horizontal pipeline and 180 degree pipe bend following the publication of

Takamasa & Tomiyama (1999) have been submitted for publication on the 11.

workshop on Two-phase Flow Predictions, Merseburg, 2005.

ref. 2.2.3 As allready mentioned the test for FZR-140 had shown the deficiencies of the

standard MUSIG model for the bubbly flows at higher gas volume fractions in

vertical pipes and other types of equipment. The fully inhomogeneous Nx1 MU-

SIG model therefore represented a kind of substantial progress in the numeri-

cal simulation of these kinds of bubbly flows, since with the help of this model

the lateral demixing of bubbles of different size classes can be described in full

detail. But in the simulations carried out for model calibration and validation the

drawbacks of the model could also be observed. First the computational effort

necessary for the use of the model is extremely demanding, which can also not

fully be compensated by massive parallelization. And secondly the develop-

ment of bubble size distribution with increasing pipe length of the TopFlow faci-

lity could not be satisfactorily predicted with the bubble breakup and coale-

scence models available from the contemporary scientific literature. Partially

caused by the high numerical effort of the model, so far a calibration of the va-

rious model parameters could not successfully be carried out. Further can be

supposed, that the used number of bubble size classes was still not sufficient

for an effective operation of the bubble breakup and coalescence models or

that even entire new modelling of these processes has to be carried out in or-

der to establish satisfactory agreement with experimental findings.

The CFD simulations using CFX-5.7 for the prediction of the Edwards Test sho-
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wed good agreement for the transient pressure, temperature and vapour volu-

me fraction at the measurement location given in the literature where experi-

mental data were available. Furthermore data from RELAP-5 predictions and

the results from a Japanese multi-dimensional CFD code (SERAPHIM) had be-

en used for comparison, which also showed good agreement to the obtained

results. The CFX-5.7 predictions were performed treating the vapour phase as

fully compressible and by taking into account the real gas properties of water

vapour for the given range of temperature and pressure throughout the test.

Due to the very rapid process a small integration time step of 1.0e-6s was ne-

cessary, which probably could be further increased by the use of adaptive time

integration scheme.

ref. 2.2.4 From the slug flow prediction in the horizontal pipe using homogeneously pre-

mixed air and water in the inlet cross section it could be observed, that slug

flow regime will be established within the 8m long test section of the horizontal

pipeline. Further it could be observed, that the pipe length, where the first occu-

rence of slug flow could be observed, had substantially increased in compari-

son to cases with inlet boundary conditions, where a sinusoidal agitation either

of the free surface between the phases or of the volume fractions of both pha-

ses had been used. The numerical predictions at FZR for slug flow in the rec-

tangular duct showed good agreement with the experimental results. Quantitati-

ve differences could be observed for the transient pressure data behind a liquid

slug propagating through the channel. Further investigation of the grid depen-

dence of the numerical solution are necessary.

7 Next Steps

ref. 2.2.2 Further work will be directed towards increased robustness of the implemented

models in flow situations with higher near-wall concentrations of the disperse

phase. In previously carried out tests small timescales were sometimes ne-

cessary in order to obtain converged solutions, which could lead to a non-

acceptable high numerical effort in practical applications. Improvements to the

numerical solution algorithms are planned for the future, which should enable

the use of larger timescales by preserving the accuracy of the numerical soluti-

on.
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ref. 2.2.3 The primary aim of the further development of the inhomogeneous NxM MU-

SIG model is the increase of the number of bubble size classes in the bubble

size distribution representation with contemporary reduction of the computatio-

nal effort for the CFD prediction. The better discretisation of the bubble size dis-

tribution by a larger number of bubble size classes will lead to better perfor-

mance of the models of bubble size redistribution in the flow. The NxM MUSIG

model will be available as a Beta feature in CFX-5.8 and will be subject of in-

tensive investigation and validation by FZR. Special attention will be directed

on the bubble breakup and coalescence models and there performance in com-

parison to the detailed experimental data available from the TopFlow test facili-

ty at FZR. Since these models depend in their results from fluid turbulence pro-

perties, further attention has to be directed on turbulence modelling for multi-

phase flows.

ref. 2.2.4 Results of slug flow predictions using CFX-5 are submitted for publication at the

NURETH-11 conference, Avignon, France, 2005.

8 Relation with other Projects

The current project interacts with the related projects of GRS and the For-

schungszentrum Rossendorf (FZR).

1501265: Aufbau und Durchführung von Experimenten an der Mehrzweck-

Thermohydraulikversuchsanlage TOPFLOW für generische Untersuchungen

von Zweiphasenströmungen und die Weiterentwicklung und Validierung von

CFD- Codes

RS 1141: Weiterentwicklung von CFD Codes zur Simulation mehrdimensiona-

ler Strömungen im Reaktorkühlsystem
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Fig. 1: Air-water flow in a horozontal pipe with a 180 degree bend at a mean air volume
fraction of 1% (experiments by Takamasa & Tomiyama, 1999). The picture shows the
gas volume fraction distribution in the pipe bend for upward flow as it was predicted by
CFX-5.7. The isosurface corresponds to an air volume fraction of 1.5%.



Fig. 2: Air-water flow in a horozontal pipe with a 180 degree bend at a mean air volume
fraction of 1% (experiments by Takamasa & Tomiyama, 1999). The picture shows the
gas volume fraction distribution in the pipe bend for downward flow as it was predicted
by CFX-5.7. The isosurface corresponds to an air volume fraction of 1.5%.
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1 General Aim

Validation of computer codes simulating reactor accidents is an important acti-

vity within the reactor safety research programme of BMWA. In this frame, the

present project aims at experimentally investigating open questions in the area

of fission product (iodine, aerosols) behaviour in a reactor containment under

accident conditions, including the respective thermal-hydraulic effects. The ex-

periments will be performed in the technical-scale ThAI facility (60 m3 test ves-

sel; originating from project 1501218) and will yield comprehensive data sets

for code validation. Accompanying model calculations for test design and eva-

luation will be carried out within the present project as well as in the GRS pro-

jects RS 1139 and RS 1147. General objective of these efforts is to improve

best-estimate source term predictions.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Performance of experiments and accompanying model calculations for the fol-

lowing subjects:

2.2 Program of Work

2.2.1 Flow pattern and condensate distribution in the ThAI test vessel.

2.2.2 Droplet resuspension - fission product release from a boiling sump.

2.2.3 Iodine distribution between atmosphere, structure surfaces and sump water in

a technical-scale (multi-compartment) containment.
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2.2.4 Effect of the iodine-ozone reaction on the amount of volatile iodine in a techni-

cal-scale facility.

2.2.5 Validation of spray models with respect to iodine and aerosol wash-out effects.

2.2.6 Effects of atmosphere stratification and wall cooling on hydrogen distribution in

a containment. Detailed investigation on the phenomena observed in the for-

mer HDR test E11.2.

2.2.7 Hydrodynamic phenomena of BWR pools.

2.2.8 Effect of nitrogen oxides on the pool water pH value (resulting in a shift of vola-

tility of iodine solved in the water) in a technical-scale facility.

2.2.9 Effect of autocatalytic hydrogen recombiners on iodine and aerosol behaviour.

2.2.10 Resuspension of aerosols by hydrogen deflagration in a technical-scale facility.

2.2.11 Drain of aerosol by wall condensate.

2.2.12 Iodine and aerosol behaviour in case of cable fire (laboratory tests).

2.2.13 Validation of CFD model approaches.

2.2.14 Compilation of the results in the final report.

3 Experimental Facilities

ThAI test vessel: 60 m3 in volume, stainless steel, 9.2 m in height, max. 1.4

MPa/180°C; heatable/coolable wall sections; variable multi-compartment geo-

metry effected by removable internals.

The test vessel is located in a temporary radiation controller area; this permits

the use of radioactive 1-123 tracer for iodine investigations.

Intense instrumentation to monitor atmosphere distribution (steam/air, iodine,

He, H2), pressure, temperature, humidity (dew-point measurement), airborne li-

quid water content (FASP), convective flow (LDV, PIV, RASS), aerosol concen-

tration and particle size.

4 Computer Codes

Lumped parameter codes: COCOSYS, GOTHIC

CFD Codes : GOTHIC, CFX, Star-CD, COMET, GASFLOW

5 Progress to Date

ref. 2.2.1 Purchase and installation of a radial blower inside the ThAI vessel for experi-
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merits at higher flow velocities and performance of the experimental campaign

TH 11 aiming at monitoring the flow patterns formed by the pressure vessel in-

ternals. Further preparation and performance of the experiments TH12 and

TH13 dealing with the distribution of gas flow and condensate within the vessel.

These experiments have been designed consisting of a four step procedure :

1) Establishing of a stratified helium-air mixture by helium injection into the cold

air atmosphere by means of a vertical free jet into the upper

plenum of the vessel.

2 Injection of steam as a vertical free jet at a mid height level with the objective

of mixing the middle and upper zones of the vessel

3) Horizontal injection of steam at the bottom at low velocities for mixing the

lower vessel zones as well.

4) Wall condensation; no injection

Besides TH-standard instrumentation, the conventional LDA and a second high

end LDA system have been employed as well as RASS and vane wheels,

FASP, the dew-point sensors, He-sensors and the condensate collectors,

ref. 2.2.2 Resuspension from boiling sumps deals with small droplets released from the

sump by means of rising steam and gas bubbles bursting at the sump surface.

These solved fission products containing droplets end up as ultra fine solid par-

ticles after being dried in the containment atmosphere - thus forming a long

term source term because these particles may remain airborne over a long time

due to their small size.

A concept has been developed for these wet resuspension experiments. The

required additional monitoring equipment for measuring bubble concentrations

and size has been installed and tested. The originally foreseen uranin tracer

method has been skipped because it provides no particle size information. Se-

veral methods of monitoring the extremely low aerosol quantities expected to

be released have been tested, finally resulting in measuring particle concentra-

tion using a Condensation Particle Counter (CPC) and size distribution by a

combination of a CPC and an Electrostatic Classifier. Furthermore an integral

filter will be employed to sample particles in the off-gas stream, which due to

the marginal absolute quantities expected, has to be analysed e.g. by ICP-MS

after leaching the filter. This will be performed by Framatome ANP.



2004 1501272 4 / 8

ref. 2.2.3 Preparation, performance and evaluation of the multicompartment iodine test

lod-10 in a dry helium/air/iodine atmosphere. Objective was to investigate

transport, depletion/adsorption and resuspension of 12 in an initially stratified,

afterwards mixed atmosphere. Preparation, performance and evaluation of the

multicompartment iodine test lod-11 in a superheated steam/air/iodine atmos-

phere with dry surfaces. Objective was to investigate transport, depletion/ad-

sorption and resuspension of 12 in an initially stratified, afterwards mixed atmo-

sphere.

Preparation, performance and evaluation of the multicompartment iodine test

lod-12 under condensing conditions. Accomplishment of COCOSYS calculati-

ons to optimise the experimental sequences:

1) Establishing of a stratified atmosphere by a dry heating up of the upper ves-

sel structures supported by additional He-feeding.

2 Feeding of 12 into the upper plenum.

3) Feeding of steam into the top sealed inner cylinder and into the annular

rooms from below plus helium at the vessel bottom.

4) Strong heating of the upper structures.

ref. 2.2.4 Performance and evaluation of calculations concerning the iodine/ozone reacti-

on under different assumptions to provide an overview of the phenomena to be

expected and the resulting requirements with respect to instrumentation to mo-

nitor O3, 12 and lOx (Framatome ANP) Preparation, performance and evaluati-

on of an iodine/ozone experiment.

6 Results

ref. 2.2.1 Experimental campaign TH 11 (Flowpattems)

By means of the adjustable radial blower installed in the inner cylinder of the

ThAI vessel velocities up to 2 m/s -up/downwards- can be accomplished in the

annular rooms under dry, cold or hot air conditions as well as in air/steam mix-

tures. Blower-experiments have been performed with velocities in the range of

0.15 to 0.8 m/s, thus supplementing the range of 0 - 0.12 m/s achievable by na-

tural convection only.

The flow profiles have been measured by LDA, PIV and RASS. In air and su-

perheated air/steam mixtures reliable data could be obtained from all three sys-
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terns providing consistency between the monitored velocities and the blower

mass flow rate as known from calibration by means of hot wire probes. RASS

measurements are restricted to regimes with homogeneous densities along the

measuring path. In saturated steam/air mixtures with minor volume condensati-

on LDA and PIV measurements still could be performed whereas at stronger

fog densities, due to the reduced visibility, PIV measurements are not feasible

and LDA consequently provides only data from regions close to the wall.

These data obtained for local velocities and flow distributions in a complex geo-

metry under defined boundary conditions serve for the validation of CFD and

Lumped Parameter codes.

Experiments TH-12 and TH-13 - condensate distribution

In the first experimental phase helium was injected and the radial velocity profi-

le in the He free jet was measured. The peak velocity at 0.5 m distance from

the nozzle outlet was approx. 1 m/s. As a result a stratified air/helium atmos-

phere was formed with a uniform He-concentration of 33% in the upper plenum.

Below the height of 5 m no helium was detected. The pressure increased from

1 to 1.2 bar. In the second phase steam was injected at a height of 5 m with a

resulting pressure increase to 1.37 bar and a uniform temperature of 65°C in

the upper plenum, a weaker temperature increase below and an unaffected

temperature level of 22° C in the region below 4 m height. The monitored He

distributions show the substantial mixing of the non-condensable gases down

to a height of 4.8 m. In the lower part of the mixing zone (height 6-4.8 m) steam

concentration decreases because local wall condensation obviously dominates

steam replacement by the mixing process from above. In the third phase steam

injection from the bottom increased the steam content and temperature of the

lower vessel zones. A mixing zone of 14 Vol % steam and 10 Vol % He in the

steam-air-helium mixture was established by the steam rising in the inner cylin-

der and flowing back in the outer annular rooms. Above a height of 7.2 m a He-

enriched zone of 23 Vol % He and 8,5 Vol % steam was preserved. In the

fourth step heating up of the structures and condensation were continuing. The

results from TH13 have been used as a data basis for the ISP 47 as well,

ref. 2.2.2 Successful pretests have been performed by injecting steam at the sump bot-

tom which results in a stationary boiling process. To simulate solved fission
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products the sump water containes potassic iodide and caesium chloride. The

temperature of the vessel structures and the steam/air containment atmosphe-

re are above the boiling temperature of the sump water so that the released

droplets can evaporate until residual solid salt nuclei are formed which remain

airborne. Permanent feeding of filtered purge air and controlled release of the

steam/air atmosphere provide-steady state experimental conditions as required

for the measurements. Preliminary results show bubbles of 2 mm in size close

to the sump surface. Preliminary results for the released droplet mass respecti-

vely released solid particle mass are comparable to earlier Siemens-KWU and

FZK-REST resuspension experiments. The explicitly measured particle size is

approx. d(0,50) = 36 nm and significantly below d(0,50)=180 nm as stated by

REST, consequently resulting in a much lower depletion.

ref. 2.2.3 lod-10

The objective was to investigate transport, depletion/adsorption and resuspen-

sion of 12 in a dry, initially stratified, afterwards mixed atmosphere of air, helium

and 12. In the first part of the experiment the iodine concentration measure-

ments show that both, stratification and multicompartment conditions very effi-

ciently prevent the iodine from propagating from the upper plenum towards

lower vessel compartment zones. After mixing of the vessel atmosphere by

heating up the lower vessel structures and feeding of helium into the lower regi-

on, iodine propagates as well into the lower compartments. Whereas helium

spreads rather quickly and uniformly into the entire volume, the iodine measu-

rements demonstrate that differences of iodine concentrations remain hold up

for a certain time in the upper and lower compartments. The explanation is the

long lasting, gradually resuspension of 12 initially adsorbed at the surfaces in

the upper regions and its transport along the concentration gradient towards

the lower zones of the vessel.

lod-11

The objective was to investigate transport, depletion/adsorption and resuspen-

sion of 12 in a superheated, initially stratified, afterwards mixed atmosphere of

air and steam under identical geometrical conditions as in lod-10. Preheating of

the vessel structures avoided wall condensation to a large extent. The results

are qualitatively comparable to the lod-10 findings. The existing quantitative dif-
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ferences compared to lod-10 have to be interpreted by model calculations un-

der consideration of the different thermal hydraulic boundary conditions.

lod-12

The objective of the multicompartment iodine test lod 12 was to investigate

transport, depletion/adsorption and resuspension of 12 under condensing condi-

tions. The iodine feeded into the upper plenum in dry conditions remained for

several hours - almost in equilibrium between gasborne and steel-adsorbed

portions. He tracer feeded into the upper region in parallel proved that almost

no exchange with the lower vessel compartments occurred. In the later mixing

sequence by feeding steam and helium at the bottom the atmosphere ex-

change was traced by helium. The iodine followed this exchange with a distinct

delay explained by the slow resuspension of the iodine adsorbed at the upper

structures,

ref. 2.2.4 lod 13 - Iodine-Ozone reaction

lod 13 was performed in a superheated, practically particle-free air/steam atmo-

sphere at 100°C and a relative humidity of approx. 55 %. The 12 fed into the up-

per part of the vessel was distributed into the entire volume depleting partly on

the dry walls. After injection of ozone, oxidation of iodine occurred forming lOx

particles, which were monitored by means of a Condensation Particle Counter

(CPC) and a combination of a CPC with an Electrostatic Classifier to determine

the size distribution of the particles formed. An increase of the particle concen-

tration up to 4E5 particle/cm3 was observed. The subsequent aerosol depletion

was very slow. Particle size of initially < 0.2 [im MMD slowly increased by ag-

glomeration. Due to the gradually thermal degradation of ozone the procedure

was repeated with identical observations.

7 Next Steps

ref. 2.2.2 Performance of four experiments.

ref. 2.2.4 Performance of a second iodine/ozone test.

8 Relation with other Projects

RS 1139, RS 1147, 1501242
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9 References

F. Funke et a l : Multi-Compartment Iodine Tests in the ThAI Facility.

Vortrag, EUROSAFE Berlin, Nov. 2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

In the framework of the reactor safety research of the BMWA, thermal hydraulic

experiments on the system behavior of pressurized water reactors (PWR) un-

der accident situations are going to be conducted in the PKL test facility at Fra-

matome-ANP in Erlangen within the test program PKL III F. Investigations on

the current topic of boron dilution are of major interest in this program. The inte-

gral test facility PKL models the entire primary system, essential parts of the

secondary side and the relevant operational and safety systems of a 1300 MW

PWR of Siemens/KWU type.

Within the PKL III F program open questions on current safety issues will be

clarified and the understanding of the sometimes highly complex thermal hy-

draulic processes involved in the postulated accidents will be improved. Fur-

thermore the test results will provide a profound data base for licensing authori-

ties and licensing experts to experimentally verify thermal hydraulic computer

codes used for the analytical study of accident sequences. The test program

therefore also contributes to the further development of methods and instru-

ments for the safety assessment of nuclear power plants according to the state-

of-the-art and the maintenance of the high safety level of the nuclear power

plants currently in operation.

The implementation of the PKL program into an international OECD project will

altogether make a vitally important contribution to safeguarding technical com-

petence within the international research community in the field of thermal hy-

draulics.
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2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Within the test program PKL IMF extensive investigations on boron dilution pro-

cesses in the primary system of PWRs will be carried out. The tests will be per-

formed with original boric acid and suitable measurement devices for the detec-

tion of the boron concentration.

Major topics are:

> Investigations on inherent boron dilution and restart of natural circulation after

refilling of the primary system during small break loss of coolant accidents.

> Investigations on loss of residual heat removal during mid-loop operation with

closed primary system in context with boron dilution

Due to the implementation of the PKL experiments into an international OECD

project, the test program was - without additional costs from the BMWA - enlar-

ged and the test period extended until March 31, 2007. The test program now

covers 4 test groups with in total 9 tests or 13 test runs.

The particular objectives are as follows:

> Test group F1: Boron dilutin events after SB-LOCAs

- Test F1.1: Injection of emergency core coolant with the safety injection pumps

into all 4 cold legs

- Test F1.2: Systematic investigation on the accumulation of low borated water

as function of the primary side inventory

- Test F1.3: Injection of emergency core coolant with the safety injection pumps

into 2 out of 4 hot legs

- Test F1.4: Injection of emergency core coolant with the safety injection pumps

into 2 out of 4 cold legs

> Test group F2: Loss of residual heat removal during mid-loop operation with

closed reactor coolant system

- Test F2.1: Variation of the primary side water inventory (3 test runs)

- Versuch F2.2: Variation of the numbers of steam generators ready for operati-

on on the secondary side (2 test runs)

- Versuch F2.3: Optimization of the procedures with respect to the heat transfer

via the steam generators and potential boron dilution
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> Test group F3: Loss of residual heat removal during mid-loop operation with

open reactor coolant system

- Versuch F3.1: Efficiency of counter measures to prevent steam production in

the core as long as possible or to delay core heat-up (2 (2 test runs)

> Test group F4: Test to be defined in agreement with the project partners ac-

cording to the status of discussion concerning still open issues

2.2 Program of Work

2.2.1 Revision of the PKL test facility.

2.2.2 Specification for all individual test.

2.2.3 Preparation and performance of the experiments.

2.2.4 Evaluation and documentation of the experiments.

2.2.5 Compilation of the results in the final report.

3 Experimental Facilities

The PKL test facility simulates the primary and secondary flow loops of a 1300

MWe plant on a scale of 1 : 145 (elevations and pressure losses are scaled 1 :

1, volume and power are scaled 1 : 145, see Fig. 1). Design of the test facility

was based on the following criteria:

- exact simulation of core geometry and fuel pins (electrically heated rods)

- maximum possible number of rods in the model (340 rods)

- operational pressure of 45 bar

- exact simulation of pressure drop and of all elevations and injection points in

the reactor coolant system

- adequate simulation of the system volumes and heat capacities on the prima-

ry and secondary sides.

- correct simulation of all relevant components of the feed water system.

4 Computer Codes

Analytical support of the test program is done by the thermal hydraulic system

code RELAP5.

5 Progress to Date

ref. 2.2.2 The specifications for 4 experiments on the topic of boron dilution after SB-
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LOCAs (F1.1, F1.2, F1.3, F1.4) were worked out, presented in the PKL working

group and discussed/agreed with the project partners.

ref. 2.2.3 After completion of the preparatory work and several pre-tests, four experi-

ments (F1.1, F1.2, F1.3, F1.4) on the topic of boron dilution after SB-LOCAs

were successfully performed.

ref. 2.2.4 The interpretation and evaluation work for all four performed experiments has

been started, first results of three experiments were presented to the project

partners, the test report of one experiment was completed.

6 Results

ref. 2.2.3 The tests F1.1 and F1.4 simulated the transient cool down procedure of a SB-

LOCA scenario with cold leg ECC injection. In test F1.1, the boundary conditi-

ons were established according to Westinghouse/Framatome plants while the

cooldown procedure in test F1.4 was oriented towards Siemens/KWU plants.

Both experiments demonstrated that already during the refilling period, a trans-

port of borated water from the inlet to the outlet side of the steam generators

occurs. As result of this, the maximum amount of condensate in the pump seal

is limited and the accumulated low borated water slugs are displaced into the

reactor pressure vessel at low flow rates (Fig. 2). In addition this displacement

from the individual loops occurs at different points in time.

The test F1.3 showed that also with hot leg ECC injection, effective mixing pro-

cesses take place in the pump seals and the steam generators during the refil-

ling processes. The consequence of this is that the boron concentration at the

RPV inlet also in this case decraeses only slightly and for a short period of time

(at different times in the individual loops).

In test F1.2 the inherent boron dilution was systematically investigated as func-

tion of the primary side water inventory at a fixed primary pressure. Down to a

primary side water inventory of about 55% the boron concentration remained

homogeneous all over the primary circuit. Only at water inventories below 45 %

a stable and continuous decrease in boron concentartion at the steam genera-

tor outlet occured. In a transition phase in between, situations with decreased

however unstable boron concentration were observed.

ref. 2.2.4 See ref 2.2.3
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7 Next Steps

ref. 2.2.2 Work out of the specifications for the two experiments F2.1 and F2.2 on the to-

pic of loss of residual heat removal system at mid-loop operation with closed

reactor coolant system.

ref. 2.2.3 Preparation and performance of the two experiments F2.1 and F2.2 on the to-

pic of loss of resudual heat removal system at mid-loop operation with closed

reactor coolant system.

ref. 2.2.4 Continuation of the evaluation and documentation of the remaining tests alrea-

dy performed.

8 Relation with other Projects

1500997, 1500880/7, 1500701 B8, 1500701 A5

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Steamline

1 Reactor Pressure Vessel
2 Down comer
3 Steam Generator
4 Pump
5 Pressurizer

Volume : 1 : 145
Elevations : 1 : 1
Max. Pressure: 45 bar
Max. Power :2.5MW[10%)

Fig. 1: PKL III Test Facility
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1 General Aim

In the frame of the reactor safety research of the BMWA, advanced computer

codes for the simulation of accident transients in nuclear reactor containments

are developed. Present codes like COCOSYS or ASTEC are based on the lum-

ped parameter modelling concept which has limitations in representing some

complex spatial interactions. There exist also field models (often called CFD

codes) which are not subject to these limitations.

In the current International Standard Problem ISP-47, experiments on the ther-

mal hydraulics during accidents in the reactor containment are simulated. The

first part of the ISP is related to calculations of tests in the French facilities TO-

SQAN and MISTRA, and it is organised by IRSN. In the second part, calculati-

ons of an experiment in the ThAI facility are conducted; this part is subject of

the present project. The aims of ISP-47 are:

- Integrated evaluation of the different concepts of field models and lumped-

parameter models

- Investigation of phenomena which are important for containment simulation

but still uncertain, like

-- Wall condensation

-- Atmospheric stratification

- Natural convection

-- Turbulent diffusion

~ Interactions between these phenomena

- Contributions to the dedicated validation of models to simulate these pheno-
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mena

- Assessment of the capabilities of field models to cover scaling differences

The project is directed to the overall aim to further enhance the safety of exis-

ting nuclear power reactors, by extension and enhancement of instruments for

understanding the facility behaviour under accident conditions. In order to

achieve this goal in an efficient way, experience of international code users with

CFD simulation related to reactor safety shall be evaluated.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Specification of test conditions for the ISP

2.1.2 Specification report for the simulations

2.1.3 Development of automatic plotting routines

2.1.4 Compilation of the comparison report

2.1.5 Organisation of two workshops

2.1.6 Co-ordination with IRSN, CEA, OECD

2.2 Program of Work

2.2.1 Specification of test conditions for the ISP

- Choice of an experiment from the ThAI program and the phases to be simula-

ted.

2.2.2 Specification report for the simulations

- Compilation of an actual description of the test facility

- Compilation of the data for the simulation case

- Specification of the result data

- Specification of data formats

- Test program to evaluate computing times

2.2.3 Development of automatic plotting routines

- Management of simulation data, definition of graphs, use of 2- and

3-dimensional graphical representations.

2.2.4 Compilation of the comparison report

- Checking and correction of submitted data

- Generation of comparison and evaluation plots
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- Clarification of open issues with the participants

- Assessment of the results

- Overview of the models and codes applied

- Summary of participants contributions

2.2.5 Organisation of two workshops

2.2.6 Co-ordination with IRSN, CEA, OECD

3 Experimental Facilities

The ThAI facility is a cylindrical test vessel of 60 m3 volume. A first series of

thermal hydraulic tests has been performed by the contractor, presently the fol-

low-up program ThAI phase II is being executed.

4 Computer Codes

The simulation data are evaluated using the programmes Excel, Surfer and

Tecplot.

5 Progress to Date

ref. 2.2.1 The experiment ThAI TH13 was chosen as basis of the ISP exercise. This ex-

periment has four phases:

- Upper helium injection

- Upper steam injection

- Lower steam injection

- Passive cooling

ref. 2.2.2 The specification report was presented to the ISP participants at the workshop

in January 2004. Further information was added to the report in a revised versi-

on which was distributed after the workshop.

ref. 2.2.3 After execution of the experiment ThAI TH13 the measurement data were

transferred to a structure which is suitable for the evaluation. This structure has

the selected data at specific locations and times and corresponds approximate-

ly to the data structure delivered by the participants. The test data were repre-

sented graphically and examined for plausibility. The RASS data were used to

generate a partial profile of the vertical helium concentration distribution. The

results of the PIV and LDA velocity measurement were processed; for the com-
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parison with calculated data, jet velocity profiles were extracted. As an additio-

nal data item for comparison, the velocity at the upper end of the inner cylinder

was obtained from a further LDA measurement. The participants were asked to

supply data also for this item.

ref. 2.2.4 After the date for submitting blind simulation results on September 30, the re-

ceived data were inspected. 15 contributions were obtained in total, of which 10

were based on lumped parameter and 5 on field model calculations. During the

inspection several formatting errors were found which were corrected with the

help of the participants. Besides dimension conversions especially the establis-

hment of 3-dimensional distribution data was problematic, because co-ordinate

transformations are necessary, and the use of such data in the framework of a

containment thermal hydraulics ISP is an innovation.

After having obtained the corrections to the submitted data, the experimental

results of phases I and II were distributed to the participants. In return, some

participants delivered a preliminary assessment of their results that was taken

into account in the further work. First parts of the comparison report were writ-

ten. The information on the participating computer codes and models was ad-

ded. A series of comparison plots was generated and added to the report. The

evaluation of these plots and the formulation of summarising comments was

begun. During this work one of the participants (JNES) informed that his simu-

lation of phase II was not usable due to an input error in the steam injection

temperature, and the data were withdrawn. Because of this it became necessa-

ry to regenerate the plots.

The experimental rise of pressure and humidity during phase I shows higher

values than calculated, see figures 1 and 2. An analysis of the test conditions

showed that these deviations are partly related to a small steam addition to the

injected helium which was used as tracer for the LDA jet velocity profile measu-

rement. This was not mentioned in the specification report because of its small,

before the test not exactly known magnitude. After the experiment was done,

from the measured gas injection temperature the added steam rate and its - as

expected - low effect upon the vessel pressure (+ 9 mbar) could be estimated.

For revised calculations of test phases III and IV that are to be submitted on

December 31, the measured injection rates and temperatures were communi-
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cated to the participants.

The 2- and 3-dimensional data sets of the participating field models were repre-

sented graphically. For the analysis of the flow distributions during the jet injec-

tions in the upper plenum of the test facility, stream traces were generated that

allow a comparison of different flow fields. Additional spatial distributions like jet

velocity profiles, isolines of helium and steam concentration and isotherms of

wall temperature distributions were generated.

The accompanying model descriptions were evaluated and sorted in tables ac-

cording to several aspects, in order to enable a comparison of the different ap-

proaches. For comparing the computational efforts, normalised running time

values were calculated.

During the evaluation of the calculated results, numerous deviations from the

test data as well as differences between predictions became evident. As an ex-

ample, figure 1 shows the pressure curves of the lumped parameter models, fi-

gure 2 those of the field models. These deviations and the agreements were

described and commented. To explain the reasons of deviations, several con-

sistency checks were performed. Remaining open questions were transferred

to the participants. First draft versions of the comparison report were distributed

in order to enable model improvements for the next simulations.

ref. 2.2.5 In January a 3-days workshop of the ISP participants was held at Becker Tech-

nologies. In addition to the presentations and discussions of the previous simu-

lations related to the TOSQAN and MISTRA experiments, the specification of

the ThAI test was presented and a visit to the test facility was arranged. Follo-

wing suggestions of the participants, the specification report was extended and

the time plan was modified.

ref. 2.2.6 The organisation of the workshop in January 2004 and the subsequent time

plan were arranged in consensus with IRSN, CEA and OECD.

6 Results

ref. 2.2.1 The boundary conditions of the experiment were compiled in a specification re-

port for blind pre-test simulations.

ref. 2.2.2 A complete revised information package was made available to the ISP partici-

pants as basis of the blind simulations.
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ref. 2.2.3 The plotting routines were ready for use at the date when the simulation results

were obtained. A file with the first part of the experimental data was prepared

and sent to the participants,

ref. 2.2.4 A comparison report of the blind pretest calculations of experiment TH13 is

available as draft version. The participants have received the needed data to

perform the next simulations.

ref. 2.2.5 The participants received a revised specification report for the blind predictions,

ref. 2.2.6 It was agreed to conduct the calculations in two steps:

1. Blind predictions of phases I-IV to be submitted by September 30, followed

by opening the experimental data of phases l-ll.

2. Revised calculations to be submitted by December 31, consisting of open

calculations for phases l-ll and blind calculations of phases III-IV.

7 Next Steps

ref. 2.2.3 The routines for graphical representation of the results will be further adapted

and applied to the actual data,

ref. 2.2.4 Establishment of a common assessment of the results together with the ISP

participants. The second part of the comparison report will be written. This part

is concerned with the second part of the simulations: open post-predictions of

phases l-ll and blind predictions of phases III-IV.

ref. 2.2.5 A further workshop with the participants is planned for April 2005.

8 Relation with other Projects

RS 1139, 1501218, 1501232, 1501233, 1501234, 1501242

9 References

K. Fischer, Specification of international standard problem on containment ther-

mal-hydraulics ISP-47, Step 2: ThAI, Revision 2. Becker Technologies GmbH,

Eschborn, Report Nr. BF-R 70031-1, January 2004

K. Fischer, International Standard Problem ISP-47 on Containment Thermal-

Hydraulics. Step 2: ThAI. Comparison Report of Phases I-IV. Becker Technolo-

gies GmbH, Eschborn, Report Nr. BF-R 70031-2, November 2004
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Fig. 1: Pressure transients, lumped parameter models

Fig. 2: Pressure transients, field models
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General Aim

Within the framework of the reactor safety research of the BMWA, it is intended

to evaluate the applicability of the Master-Curve (MC) concept to describe

toughness changes in reactor pressure vessel (RPV) steels subjected to neu-

tron irradiation. The investigation focuses on highly irradiated RPV steels with a

high susceptible to neutron irradiation. Besides the validation of the Master

Curve concept, the results are used to expand the data pool, thus contributing

to a potential incorporation of the MC concept into the KTA regulations.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 - Determine the TO reference temperatures depending on the material type and

neutron fluence

- Prove the applicability of the Master Curve procedure to determine TO for

highly irradiated reactor pressure vessel (RPV) steels

- Verify whether the Master Curve describes the temperature dependence of

the fracture toughness for highly irradiated RPV steels correctly

- Measure the influence of material inhomogeneity

- Analyse the correlations between TO and Charpy-V transition temperatures

2.2 Program of Work

2.2.1 Literature survey on the latest international research results judging the reliabili-

ty of the MC concept
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2.2.2 Tests and analysis of unirradiated, three different irradiated and thermally an-

nealed conditions of the RPV steels JFL and JRQ, comprising tensile proper-

ties, hardness, static (ASTM1820-01) and dynamic (Charpy-V) toughness pro-

perties and Master Curve reference temperatures TO (ASTM E1921-03). For

the unirradiated condition the micrestructure is characterised.

2.2.3 Machining and testing of reconstituted specimens from used Charpy-V- and

SE(B) specimen halves in order to extend the data pool

2.2.4 Examinations of the fracture surfaces of both unirradiated and irradiated frac-

ture mechanics specimens

2.2.5 Comprehensive evaluation of the results and final report

3 Experimental Facilities

In order to examine irradiated specimens, the Hot Cell Laboratory is equipped

with the following facilities:

- Digitally-controlled MTS 810 servo-hydraulic testing machines for tensile and

fracture mechanics tests, testing temperature range from -115 to +300°C, maxi-

mum load 50 kN

- PSd300 instrumented pendulum impact test machines for Charpy-V tests, tes-

ting temperature range from -150 to +300°C, 300 J maximum impact energy,

maximum velocity 5.5 m/s

- Vickers hardness tester

- arc stud welding apparatus and wire-cut EDM gear for specimen reconstituti-

on

- scanning electrical microscope (SEM) and light-optical microscope for fracto-

graphy and metallographical investigations

The fracture surfaces of the irradiated specimens are investigated by replicas.

4 Computer Codes

Standard controlling and analysis software of the testing facilities and proprieta-

ry analysis tools for Charpy-V and fracture mechanics testing

5 Progress to Date

ref. 2.2.1 The literature survey is a continuous process. Emphasis is placed on internatio-
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nal standards (ASME, KTA), guidelines (IAEA Guidelines for Application of the

Master Curve Approach to Reactor Pressure Vessel Integrity) and the results of

the Thematic Networks of the EU (ATHENA).

ref. 2.2.2 For the RPV steels 3JRQ57 and 1JFL11 in the unirradiated condition, all tests

have been completed (tensile tests, Charpy-V- and fracture-mechanical tests,

microstructure, hardness and fractograpic analyses). Master Curve and fracture

mechanics tests of irradiated specimens have been started.

ref. 2.2.3 The reconstitution technique is ready to use, both for unirradiated and irradia-

ted specimens.

6 Results

ref. 2.2.1 An internal summary of the literature survey is available. It is extended conti-

nuously.

ref. 2.2.2 Figures 1 and 2 show the irradiation-induced changes of strength properties

and shifts in Charpy-V-transition temperature TT41J depending on neutron flu-

ence, respectively. The irradiation temperature was 255°C. Both RPV steels

show a noticeable increase in strength and TT41J. Especially the steel type

JRQ exhibits a drastic hardening and embrittlement under irradiation. TT41J

shifts by 220 K (Fig. 2) and the MC reference temperature by 223 K (Fig. 3).

Therefore this material is particularly suitable for the validation of the MC ap-

proach. The reference temperature TO rises from -63.7°C (unirradiated) to

+159.5°C in the highly irradiated condition (fluence Phi=9.8*10A19 n/cm2,

E>1MeV).

In the microstructure the bainitic matrix with isolated carbides and segregation

bands are clearly visible. Especially the heat JRQ shows segregations with a

martensitic lath structure. The grain size of the parent austenite is coarser in

JRQ than in JFL: 27+/-15 micrometer compared to 11+/-6 micrometer. The

RPV steels JRQ and JFL have nearly the same chemical composition and

show similar hardness and tensile properties. At the same temperature, JFL

possesses a higher cleavage fracture stress than JRQ.

7 Next Steps

ref. 2.2.1 The literature survey is carried on.
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ref. 2.2.2 The work is continued according to the working plan, i.e. for the three irradiated

conditions the Master Curve tests for the RPV steels JFL and JRQ are comple-

ted. Additionally, crack growth curves are determined for these steels and con-

ditions. This includes fractography. The hardness of the irradiated steels is also

tested. Furthermore, the effect of a thermal annealing on TO is examined.

ref. 2.2.3 For Master Curve tests in the low-irradiated (neutron fluence ca. 6*10A18 n/

cm2; E>1 MeV) and for the thermally annealed condition SE(B) specimens are

reconstituted from Charpy-V specimen halves.

ref. 2.2.4 For fractography of irradiated tested specimens, non-radiating replicas of the

fracture surfaces are made. With the help of SEM, the replicas are then exami-

ned to identify and characterise the fracture mechanism and to measure the

stretch zone width (SZW).

8 Relation with other Projects

1501239: Critical Investigation to the Master Curve Concept for the Application

to German Nuclear Power Plants

1501240 Critical examination of the master curve approach regarding applicati-

on in German nuclear power plants

1501284: Determination of Fracture Mechanics Values on Irradiated Speci-

mens of German PWR

9 References

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne



Fig. 1: Tensile properties of the RPV steels JFL and JRQ depending on the neutron flu-
ence

Fig. 2: Charpy-V-transition temperature TT41J of the RPV steels JFL and JRQ depen-
ding on the neutron fluence
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Fig. 3: Influence of neutron irradiation on the Master Curve of the RPV steel JRQ: The
reference temperature TO shifts to 223 °C higher values
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General Aim

Within the framework of reactor safety research of German Ministry of Econo-

my and Work (BMWA) improved methods have to be developed for the safety

assessment of cladded nuclear components. The distribution of residual stres-

ses and the microstructure due to the cladding process have to be investigated

by experimental and numerical methods. The results should serve as a basis

for validated assessment of crack postulates in the vicinity of the cladding.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Within the research project some guidelines will be developed for the safety as-

sessment of cladded components under appropriate consideration of the clad-

ding. Objectives of the project are the estimation of residual stresses and mi-

crostructure resulting from the cladding process as well as the validation of as-

sessment methods by experiments. Moreover, the influence of neutron irradiati-

on on the load bearing capacity of the cladding and some intergranular crackig

as observed in large scale tests should be investigated.

2.2 Program of Work

2.2.1 Investigation of intergranular cracking as observed in large scale tests.

2.2.2 Characterisation and modelling of material behaviour of the cladding and heat

affected zone.

2.2.3 Determination of microstructure and residual stresses by experimental and nu-

merical methods.
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2.2.4 Tests and simulation of cladded plates with respect to load carrying capacity of

the cladding.

2.2.5 Consequences for the consideration of the cladding in the safety analyses in-

cluding the influence of irradiation.

3 Experimental Facilities

Servohydraulic testing machines with online registration and climate chambers

for temperature range from -196°C to 800°C for tensile and fracture mechanics

tests,

optical three-dimensional measurement system ARAMIS for distortion measu-

rements,

neutron diffraction systems and bore hole method for residual stress measure-

ment,

scanning electron microscope and conventional microscopes for fractographic

and metallographic investigations.

4 Computer Codes

UNIX Workstations and LINUX PC, commercial FEM codes (ABAQUS, AN-

SYS,

LS-DYNA, PAMCRASH, PAMSTAMP, PSU, SYSWELD).

5 Progress to Date

ref. 2.2.1 The investigations of the influence of oil which is usually used to pre-fatigue

cracks in large specimens on the fracture mechanism requires larger speci-

mens which have to be pre-fatigued with and without oil before the cladding

process. The fabrication of these specimens is mostly completed.

ref. 2.2.2 Fabrication of specimens has been started.

ref. 2.2.3 For validation of numerical results measurements on residual stresses in the cl-

adding are necessary. For the investigations a cladded segment of an RPV is

available. With the aid of the bore hole method residual stresses in the cladding

of this segment have been measured.

6 Results
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ref. 2.2.3 The residual stress measurements show tensile stresses in the cladding decre-

asing to compresion at surface. The results are in accordance with data repor-

ted in literature.

7 Next Steps

ref. 2.2.1 The specimens will be cladded according to KTA rules at EHR (Essener Hoch-

druck-Rohrleitungsbau). Afterwards, tests on fracture mechanics specimens

will be performed and evaluated.

ref. 2.2.3 The results obtained with the bore hole method for the RPV-segment have to

be verified by X-ray analyses. Further measurements have to be performed on

the test plate which has to be cladded and numerically analysed.

8 Relation with other Projects

none

9 References

No technical reports were published.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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2

2.1

2.1.1

General Aim

For the evaluation of the risk originating from nuclear power plants, the radioac-

tive source term has to be known for the extreme improbable situation of a core

melt down accident. Within a scenario with core melting and melt relocation into

the lower plenum, the reactor pressure vessel (RPV) is the last safety barrier

before a direct containment heating. A detailed knowledge of the thermal hy-

draulic and mechanical processes is necessary for the risk estimation and for

evaluation of the source term. This knowledge is also important for the optimi-

sation of the accident management. The simulation of accident scenarios after

melt relocation into the lower plenum of the RPV is the goal of the project. It

has to be determined whether the melt can be permanently stabilised in the

lower plenum of the RPV or whether the RPV fails after a certain time. In the

latter case the time and the mode of RPV failure are to be prognosticated.

Particular Objectives and Program of Work

Particular Objectives

A finite element model is developed, which describes the temperature field in

the melt and in the vessel wall as well as the viscoplastic mechanics of the

RPV wall. In the project no. 1501254 this procedure was applied to the FORE-

VER experiments carried out at the KTH Stockholm. In this project, the prototy-

pic (LWR) geometry is the main focus. Especially the interaction of corium melt

and vessel wall, the erosion of the RPV wall and the radiation heat are conside-
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red. Moreover the thermal mechanical stress in the RPV wall during the floo-

ding of the reactor pit is evaluated.

2.2 Program of Work

2.2.1 Development of a thermal fluid dynamic FE model:

The RPV of a LWR and the liquid or frozen corium melt are modelled by fluid

elements to calculate the convection in the melt and the heat transfer into the

vessel wall. In dependence on the regarded scenario the melt can consist of

one or two phases (metal and oxide phase segregated). The effective convecti-

on conduction model (ECCM) is also to be applied for the calculation of the

temperature field. The results are to compared with the CFD results. In the EC-

CM thermal elements are used (pure conduction). The melt convection is des-

cribed by inhomogene-ous and anisotropic effective heat conduction coeffi-

cients.

2.2.2 Modelling of interaction between melt and RPV:

Within the thermal model, the ablation of the RPV wall has to be considered as

a consequence of the melt-RPV interaction. For this purpose local heat transfer

number and the according ablation rates are determined based on the experi-

mental results of the METCOR project. If necessary post calculations for some

of the METCOR test with a simple FE model are done.

2.2.3 Mechanical FE simulation considering viscoplasticity and material damage:

The RPV is modelled with structural elements considering the material beha-

viour at elevated temperatures. Numerical creep models are implemented into

the FE code for temperatures from 600 °C to 1300 °C. The material damage as

a consequence of the viscoplastic strain are considered. The implementation of

the material and damage models is realised via FORTRAN routines, which are

linked to the standard FE code. The mechanical model and the thermal model

are to be sequentially and recursively coupled.

2.2.4 Consideration of prototypic scenarios:

Four scenarios are to be analysed. On the one hand the configuration of the

melt pool is varied: a homogeneous melt pool and a melt pool with two segre-

gated phases (metal up, oxide down). On the other hand for both melt configu-

rations a scenario with and without external flooding are considered. The times

and positions of failure are compared.
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3 Experimental Facilities

We do not perform own experiments. Instead of this the data from international

experiments are used: ISTC-Projekt METCOR (RASPLAV-2 facility in Sosnovy

Bor).

4 Computer Codes

Finite-Element-Code ANSYS® Versions 7.1 und 8.1 with own subroutines for

creep and damage.

5 Progress to Date

ref. 2.2.1 The CFD modelling of the RPV with a homogeneous melt has been started.

The influence of the parameters of the turbulence on the stability of the calcula-

tion was investigated. An algorithm for control of crust formation was tested

(switch of material properties at solidification temperature). As an alternative for

the CFD model the ECC model was tested.

ref. 2.2.2 The data of METCOR tests 1-4 were sighted. A simplified model of the erosion

of the RPV wall was integrated into the FE model. Above liquidus temperature

the according element is eliminated from the mechanical calculation.

ref. 2.2.3 A FE mesh of the RPV of an LWR has been developed and tested. The mecha-

nical and the thermal model are recursively coupled. In the mechanical model

the damage due to viscoplastic strain is considered.

ref. 2.2.4 A prototypic scenario with a homogeneous melt configuration was simulated.

Two different internal pressure levels (25 bar and 163 bar) were investigated

assuming external flooding. This preliminary studies are still based on a very

simple model for the RPV wall ablation.

6 Results

ref. 2.2.1 It turned out that the standard turbulence models available in the ANSYS/

FLOTRAN code are not suited to adequately describe the melt convection. This

is a consequence of the extremely high Rayleigh number. Contrary to this, the

simulation based on the ECC model was successful. It was shown that a pure

thermal RPV failure can be expected in scenarios without external flooding
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(melt through).

ref. 2.2.2 The simplified erosion model works properly.

ref. 2.2.3 The mechanical model, the calculation of the material damage and the coupling

with the thermal model (ECCM) work properly.

ref. 2.2.4 In the scenario with 25 bar internal pressure and external flooding, it can be as-

sumed that the vessel would not fail. In the case of 163 bar internal pressure,

up to now only a time range of 600 s could be successfully simulated. The re-

moval of the convergence problems is still under construction.

7 Next Steps

ref. 2.2.1 Follow up of the ECCM concept and modelling of two phase melts.

ref. 2.2.2 Elaboration of a strategy for inclusion of METCOR data into the FE model.

ref. 2.2.3 Modification of the FE mesh for evaluation of the thermal mechanical stresses

during the external flooding (evaluation of non stationary temperature gradi-

ents).

ref. 2.2.4 Continuation of the simulation of the scenarios.

8 Relation with other Projects

1501009, 1501010, 1501011, 1501017, 1501222, 1501226, 1501227,

1501257, RS 1002, RS 1126, RS 1129, 1501254

9 References

None.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

In the field of reactor safety the project is engaged in the topic of the qualificati-

on of computer-based I&C systems. For the assessment and qualification of in-

tegrated tool environments methodical foundations are produced in the view of

their application to generate safety-related software for NPP. The assessment

framework developed within the project allows an assessment conclusion for

different integrated tool environments considering the safety category of the ap-

plication specific safety I&C system to be generated. Where required, additional

qualification tools are identified and exemplarily implemented.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Development of methods for the analysis of integrated tool environments

2.1.2 Identification and methodical processing of qualification possibilities

2.1.3 Development of an assessment framework for the comprehensible qualification

of integrated tool environments

2.1.4 Exemplary application of the developed methods

2.1.5 Definition of supplementary testing and verification tools

2.1.6 Combination of heterogeneous analysis results to an integral assessment con-

clusion

2.1.7 Investigation of the Bayesian Belief Networks (BBN) with regard to their usabili-

ty for quality statements
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2.2 Program of Work

2.2.1 Possibilities of qualification of integrated tool environments

2.2.1.1 Identification of integrated tool environments

2.2.1.2 Investigation and classification of integrated tool environments

2.2.1.3 Possibilities of qualification

2.2.1.4 Validation of the qualification measures

2.2.2 Development of an assessment framework for integrated tool environments

2.2.2.1 Definition of the assessment framework

2.2.2.2 Validation of the assessment framework

2.2.3 Identification and definition of external tools

2.2.3.1 Requirements for external tools

2.2.3.2 Methodical development of external tools

2.2.4 Synthesis of the qualification results to an integral assessment conclusion

2.2.5 Compilation of the results in the final report

3 Experimental Facilities

none

4 Computer Codes

Hugin, RiskCAT Nuclear, Tricon

5 Progress to Date

ref. 2.2.1 Project meetings were hold at the project partners sites and during the Enlar-

ged Halden Programme Group (EHPG) meeting.

Two technical discussions were conducted with the producers of the integrated

tool environments Common Q and Tricon.

Public available information about the integrated tool environments Common Q

and Tricon was evaluated. Based on this data a first rough classification matrix

was compiled. The classification matrix specifies the services and properties of

the integrated tool environments Common Q and Tricon.

The evaluation version of the software of the instrumentation and control (I&C)

system Tricon was installed and the familiarization with the methodology and

the user interface of the tool environment was started with the provided exam-
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pie applications. Examination of the services and properties was commenced.

In a first step the security features were evaluated.

Contact was established with the producer of the integrated tool environment

KNICS. The system was presented by the developer and general documentati-

on was provided for use within the project. The provided documentation was

analyzed and with the information available, services and properties of KNICS

were identified.

Additional services and properties to be considered for the qualification were

gathered to be integrated into the classification matrix.

The identification of requirements on the use and qualification of tools in the in-

ternational standards IEC 61513 and IEC 62138 was begun with the help of the

program RiskCAT Nuclear.

ref. 2.2.2 The elaboration of a concept proposal for an assessment framework for inte-

grated tool environments was started.

A computer-based Power Range Monitoring (PRM) system was selected as an

example application for the exemplary demonstration of the capability of the as-

sessment framework. The system was analysed and its conceptual structure

retrieved.

ref. 2.2.3 The objective of this work package was discussed with the project partners.

ref. 2.2.4 The Hugin tool as software tool to support the method of the Bayesian Belief

Networks (BBN) was identified. During a project meeting the Hugin tool was ex-

plained comprehensively. The tool was tested with respect to applicability and

performance, and it was decided to purchase the tool.

The familiarisation with the BBN methodology was initiated.

The software tool Hugin which implements the BBN was bought from the com-

pany Hugin Expert and installed.

6 Results

ref. 2.2.1 For the identification of documents a standard format was determined. The

identification corresponds to the procedure of project 150182.

The producer of Tricon has agreed on the support of the project and delivered

an evaluation version. Tricon is a fault-tolerant controller based on a triple-

modular redundant architecture. The application software of a Tricon system
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consists of a sequence of calls to the basic functions that are stored in libraries.

The development environment is integrated into the so-called TriStation 1131.

For the specification of the application programs three different methods are

provided.

1. Function Block Diagram (FBD): A graphical specification language that cor-

responds to circuit diagrams. FBD elements appear as blocks that are wired to-

gether to form circuits. The wires transfer binary and other types of data bet-

ween the elements.

2. Structured Text (ST): A high-level, textual programming language, that is si-

milar to PASCAL. ST allows users to create Boolean and arithmetic expressi-

ons, as well as programming structures such as conditional statements. Functi-

ons and function blocks may be invoked in ST.

3. Ladder Diagram (LD): A graphical specification language that uses a stan-

dard set of symbols for representing relay logic. The basic elements are coils

and contacts, which are connected by links. Links are different from the wires in

FBD in that they transfer only binary data between the elements.

For the specification methods code generators are provided by the TriStation.

FBD and LD are translated into ST which is then transformed into an emulated

code. This code can be translated into native mode assembly language. The

hardware is configured by the definition of input and output points. The docu-

mentation of the project history and of application program changes is assisted.

The control panel of the TriStation supplies services to load, to simulate, to mo-

nitor and to diagnose the target system.

Tricon offers a staggered security system which determines users and their pri-

vileges. The access to controller and TriStation is based upon safety levels

which are assigned to the users. The highest safety level has the value 1, the

lowest value 10. Each safety level contains default settings for operations ad-

mitted on this level. Safety levels must be defined that are necessary for certain

operations of the target system or TriStation. Each safety level includes the

permission tu use all operations of the lower levels.

Each new TriStation project is created with a default user name and a default

password. To ensure unauthorized users do not access the project, user na-

mes and passwords should be created before application development begins.
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Access to a project can also be restricted by settings on documents and opera-

tion parameters.

Common Q is a scalable, redundant configurable system for industrial automa-

tion and process control. The application software is specified graphically with

function blocks that heve been developed especially for automation and pro-

cess control. These function blocks are connected together to form the I&C fun-

ction. For the modularization of the application software structural function

blocks are provided which determine the hierarchy and sequence of execution.

The hardware, the communication interfaces, common data elements and the

exception handling are configured by so-called data base elements.

The specification is carried out within a development environment, the Enginee-

ring Station, which also provides services for the configuration and loading into

the target system. Furthermore, the Engineering Station can be used to display

and simulate process values, and to diagnose or to change application pro-

grams. Security aspects are taken into account by target password protection,

application of program checksums and restrictions of network programming.

The structure of a classification matrix was defined which provides the basis for

the analysis of qualification possibilities concerning the services and properties

of different integrated tool environments. The classification is made in services

and properties for:

- Project control,

- Project documentation,

- Hardware development environment,

- Software development environment,

- Code generation,

- System software,

- Qualification tools,

- Maintenance,

- Safety properties,

- Security properties.

Based on the data for Common Q and Tricon a first rough classification matrix

was compiled (see fig. 1).

KNICS, the integrated tool environment for the design of applications in nuclear
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power plants is presently under development. There is already a prototype

which in principle corroborates the feasibility of the designed concept. The de-

veloper has supplied general documentation for usage in the QUITE project.

Furthermore, an evaluation version has been announced for the second half of

the year 2005.

KNICS enables the development of redundant configurable programmable logic

controllers (PLC). The engineering workstation provides for services to load the

target system software, to change variables, and to monitor and test the target

system. For the kernel of the operating system the commercially available real-

time operating system MicroC/OS-ll is used. For the specification of the appli-

cation programs editors are planned which support five different specification

methods as defined in the third part of the international standard IEC 61131-3.

1. SFC (Sequence Function Chart): In SFC the program sequence is depicted

in so-called steps. The program code that describes the principal task is found

between the steps.

2. ST (Structured Text): Structured text is a description method which syntacti-

cally and semantically resembles the programming language Pascal.

3. IL (Instruction List): The instruction list is very similar to assembler language.

4. FBD (Function Block Diagram): Function block diagrams are a specification

method whose elements, the function blocks, are interconnected to function

diagrams. User-defined function blocks are supported, too.

5. LD (Ladder Diagram): Ladder diagrams are a graphical, hardware-oriented

specification method which is strongly related to the wiring technique of relay

and protective control.

KNICS provides code generators, linker and locator for the specification me-

thods. Supplementary tools are planned for the concept creation, the require-

ments specification and the design . Several options are available to describe

the modelling of requirements.

The connection of the engineering workstation to the target system is based

upon Ethernet. The processing units use Profibus technology for communicati-

on.

Additional services and properties were identified as relevant for qualification.

These are e. g.
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- Help menu,

- Standardisation,

- Debugger,

- Test tools,

- Target language, and

- Exception handling.

ref. 2.2.2 The development of an assessment framework is closely linked with working

point 2.1.3 which addresses the qualification possibilities. Therefore, the as-

sessment framework is directed at the services and properties of the integrated

tool environments. The review of qualification processes already performed for

integrated tool environments as well as the requirements of standards for safe-

ty-relevant software systems demonstrate an focus on the lifecycle model of

the software created by the integrated tool environment as a proper alternative

solution.

One of the main tasks of the PRM system selected as validation example is the

emission control by neutron flux of the average power in the reactor core. De-

tecting a high power emission, the appropriate alarm is tripped and a shutdown

triggered, if needed. The calculation of the monitored values is performed in

four similar, redundant subsystems. The subdivision in four redundant systems

conforms to the general rule for safety systems in nuclear utilities. To each of

the four subsystems a set of four or five probes, each with four detectors, is

connected. Each detector signal is amplified separately and compared to indivi-

dual, adjustable low and high level alarms.

The plant operators select the detectors used by each subsystem for computa-

tion of the power range. If the number of these detectors is below a certain li-

mit, an alarm indication will be given. Otherwise each subsystem calculates the

values of the power range at regular intervals. There are also timing require-

ments to the subsystems. In order to predict the real-time behaviour of the sys-

tem, the program execution is deterministic, i.e. the program is executed in a fi-

xed cycle, independently of external events.

Function diagrams, a Halden report and the Pascal source codes for the PRM

system are available.

ref. 2.2.3 The identification and definition of external tools essentially depends on the
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complexity of the corresponding services and properties.

ref. 2.2.4 During the analyses of the services and properties of the integrated tool envi-

ronments a lot of heterogeneous information is gathered. This information shall

be combined in a suitable manner to an integral assessment conclusion. For

this purpose the software tool Hugin of the company Hugin Expert was bought.

The tool implements the Bayesian Belief Networks (BBN). BBN is a method to

combine heterogeneous information and to draw conclusions out of it. First in-

sights in the functioning of the tool Hugin were gained.

7 Next Steps

ref. 2.2.1 Further services and properties of the integrated tool environment Tricon will be

analysed. At the same time it has to be investigated in which way the services

and properties influence the reliability of the target system. Experiences from

working point 2.2.2 (specification of the PRM system) will be considered.

For the second half of 2005 the procurement of an evaluation version of the

software of the I&C system KNICS is planned. Alongside, services and proper-

ties of KNICS are further investigated. For this purpose the developer will be

asked for additional documentation about the system.

Likewise, the producer of Teleperm XP will be contacted to obtain documentati-

on and an evaluation version for use in the project.

It is intended to consider other integrated tool environments, e. g. ARTiSAN,

ASCET, Delphi 8 or SIBAS-32.

The structure and the contents of the classification matrix will be further refined

and completed. The data of the other integrated tool environments will be filled

into the classification matrix. In addition, the qualification possibilities for the in-

dividual services and properties will be examined. In this context it has to be in-

vestigated in which way the services and properties influence the reliability of

the target system and which role they play within the lifecycle.

The relevant nuclear as well as non-nuclear standards will be evaluated to

identify the requirements to tools. In particular, the influence of these require-

ments on the qualification of integrated tool environments has to be taken into

account.

ref. 2.2.2 The concept proposal for an assessment framework will be refined. The
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aspects of the definition of the assessment framework will be adjusted with the

project partners.

With the help of the function diagrams, the Halden Report and the Pascal sour-

ce codes, it is foreseen to specify the PRM system exemplarily using different

integrated tool environments. On the basis of these specifications the assess-

ment framework will be validated.

ref. 2.2.3 Needs for external tools will be implicitly considered during the evaluation of the

services and properties of the integrated tool environments.

ref. 2.2.4 The familiarisation in the methodology of the Bayesian Belief Networks (BBN)

will be continued. The usability of BBN to reach quality conclusions will be fur-

ther analysed with the help of the tool Hugin.

8 Relation with other Projects

As far as applicable the conclusions of the project 1500985 "Development of

proof methods for the use in of computer-based systems in the safety I&C of

nuclear power plants" are considered. In the case of pre-developed software

the conclusions of the project 1501104 "Development of methodical foundati-

ons for the safety analysis of predeveloped software for application in safety

I&C of nuclear power plants" are regarded.

9 References

H. Miedl: "Qualification of Integrated Tool Environments (QUITE) for the Deve-

lopment of Computer-Based Safety Systems in NPP". Paper presented at the

EHPG meeting at Sandefjord 2004.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Project control

Project documentation

Hardware development

environment

Software development

environment

Code generation

System software

Qualification tools

Maintenance

Safety features

Security features

Common Q

Not yet known

Engineering Station with

documentation facilities

Database elements

Engineering Station with graphical

function block language (function

blocks), elements for process control

and structural elements

Yes

Function blocks

Engineering Station as service unit for

testing and simulation

Engineering Station as service unit for

online modifications

Redundancy, asynchronous execution

units, Engineering Station as service

unit for surveillance

Password protection, program

checksum, restricted network

programming

Tricon

Facilitation of documentation of project

history and of program version

changes

Data sorting and documentation of

project elements

Configuration editor

TriStation developer's workbench with

various means of representation, i.e.

FBD (function flock diagram), ST

(structured text) and LD (ladder

diagram)

Yes, staggered approach

Libraries of basic functions

Control panel for emulation, testing

and debugging

TriStation for fault diagnosis and

performing maintenance operations

Redundancy, TriStation to display

system status and to monitor program

execution

Definition of users and their privileges

Fig. 1: Classification matrix
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General Aim

Within the framework of the BMWA reactor safety research program the inter-

crystalline and transcrystalline material degradation induced by hydrogen is to

be detected by means of nondestructive methods (positron annihilation, ther-

mal wave microscopy ("ALADIN"), Micromagnetic Multiparameter Microstruc-

ture and stress Analysis (3MA), Barkhausen noise and eddy current microsco-

py (BEMI)). The diffusion and solubility of hydrogen and its isotopes should be

studied as well.

The aim of the present project, no. 1501281, is the development of a NDT-

method for early detection of hydrogen induced material degradation in nuclear

power plant components as well as storage and transport containers for radio-

active materials.

The availability of a reliable NDT-method as a means for recurrent inspections

would greatly contribute to component reliability.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Extended knowledge of the coherences between microstructure changes in the

material and the type of radiation in presence of hydrogen (TPU, Tomsk).

2.1.2 Extension of the physical knowledge of damage mechanisms in metals caused

by hydrogen and helium at special consideration of nuclear technical boundary
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conditions in Russia (Russian Research Center "Kurchatov Institute", Moscow;

TPU, Tomsk).

2.1.3 Development of a NDT-method for the sensitive detection of hydrogen and heli-

um induced material embrittlement, including the determination of the damage

status (IZFP, Saarbruecken).

2.2 Program of Work

2.2.1 Steel samples and Zr samples are to be produced, hydrogen accumulated and

radiated. Material properties are to be determined.

2.2.2 Investigations of the hydrogen and helium accumulation are to be carried out.

In reactor materials the influence of irradiation is to be investigated as function

of temperature and plastic deformation.

The experimental results are to be explained with aid of a phenomenological

model of hydrogen and helium.

2.2.3 The nondestructive testing methods are to be optimized, in-situ measurements

on tubes are to be carried out, correlations between nondestructive measuring

quantities derived from electromagnetic and thermographic testing methods

and different damage parameters are to be developed.

3 Experimental Facilities

IZFP:

3MA testing device, thermal wave microscopy "ALADIN", positron annihilation

spectroscopy, light microscopy, Ultrasonic device.

Polytechnical University TPU, Tomsk:

Electrostatic generator ESG-2,5,

Cyclotron U120M,

Scanning electron microscope (REM 100),

A complex equipment for temperature and induced gas release study, including

time-of-flight mass-spectometer MSH-4 and electron accelerator,

Equipment for acoustic emission detection under material fracture,

X-ray-tube.

4 Computer Codes

MMS (Modular measuring system):
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Measuring and evaluation software for electromagnetic materials characterizati-

on;

program "POSITRONFIT" and the program "Data acquisition and analysis of

positron annihilation spectra" for the positron annihilation technique;

program for the thermal wave microscopy "ALADIN" of the company Photo-

therm.

5 Progress to Date

ref. 2.2.1 To determine the dependence of material structure changes and irradiation in

presence of hydrogen 31 tension load test specimens from steel 65G (l=76mm,

b=20mm, d=2.56mm) were produced in Tomsk. In order to put all specimens in

the same initial state after the mechanical treatment, the specimens were an-

nealed at 800 °C in vacuum for one hour and subsequently cooled for 12

hours. The specimens were differently tensile deformed (strain 0%, 1%, 4%,

10%). The first group of the deformed specimens without hydrogen was refe-

rence. Six groups of deformed specimens were differently loaded with hydro-

gen during 4 hours in the electrolyte UOH+H2O under an electrolytic current of

0.1, 0.2 and 0.5 A/cm2 (various hydrogen content). The three groups of the spe-

cimens were extra irradiated with X-Ray (energy of X-Ray 120keV, current 5

mA, 5 min.). The last three specimens were used for the study of the relaxation

processes in the steel.

ref. 2.2.3 The Rayleigh wave velocity was measured as function of the plastic deformati-

on and hydrogen content. In addition the Rayleigh wave velocity was measured

on the various plastic deformed specimens before and after electrolytical char-

ge of specimens and irradiation, too.

By positron annihilation studies of the specimens the positron life-time

(average, first and second life-time of positrons and their intensities) and Dopp-

ler broadening (S-, W- and R-Parameter) were measured and lattice distortion

was analysed.

The influence of the hydrogen and irradiation of the undeformed/deformed spe-

cimens on the magnetic properties of the steel 65G was investigated by micro

magnetic measuring with a 3MA-device (upper harmonics, magnetic Barkhau-
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sen noise, incremental permeability and eddy currents) with several magnetiza-

tion frequencies.

For creation of the thermal images of specimen surface with high spatial resolu-

tions down to some microns the laser thermal wave microscope

(ALADIN-device) is applied.

6 Results

ref. 2.2.3 The Rayleigh wave velocity is decreased with increase of tensile deformation

the more the weaker the electrolytic current. The higher the electrolytic current,

the higher the Rayleigh wave velocity. The Rayleigh wave velocity decreases

during 60 min. after current turn off. After subsequent irradiation, the Rayleigh

wave velocity decreases to the initial value. The relaxation effects caused by

hydrogen migration are greater in the deformed specimens since the hydrogen

content is higher in the deformed specimens. This strong relaxation effect after

irradiation can be explained by the excitation of the hydrogen sub-system that

causes the active release of hydrogen from the trapping sites.

The undeformed specimen of initial state, the undeformed and hydrogen char-

ged (electrolytic current 0.1 A/cm2) specimen and the undeformed hydrogen

charged (electrolytic current 0.1 A/cm2) specimen with following irradiation have

different positron life-time and S, W and R-Parameter of positron annihilation.

Defects of the crystal lattice (dislocation, vacancies, vacancies clusters and

grain boundary), where the density of electrons is reduced, are trap centres of

positrons. The average life time of positrons for the initial specimen with strain

0% is typical for annealed pure iron. Hydrogen diffuses in the material and is

trapped by defects of the crystal lattice (mainly in dislocations). This changes

the electron density in the lattice defect and changes the positron annihilation.

Hydrogen distorts the lattice, too. At the strain of 1% a clear difference between

the deformed initial specimens and the deformed and hydrogen charged

(electrolytic current 0.1 A/cm2) specimens is measured, but from the strain of

4% all specimens have the same positron annihilation values.

All micromagnetic methods show qualitatively the same measuring values.

There is no difference in the measured values for the undeformed specimens

without/with hydrogen and additionaly irradiated hydrogen charged specimen.
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At the strain of 1% a clear difference between the initial specimens and the de-

formed and hydrogen charged specimen (electrolytic current 0.1 A/cm2) has be-

en measured. Beyond the strain of 4% the measuring values lie within the scat-

ter band the measuring errors; these specimens have a high dislocation density

und their stress fields are so high that additional stress fields owing to hydrogen

generete only insignificant changes of the measuring values.

Analysis of thermal wave microscope images has shown dependence of the ef-

fective thermal effusivity on the hydrogen content.

7 Next Steps

ref. 2.2.1 In the next half-year an influence of hydrogen and irradiation on physical-

mechanical characteristics of zirconium should be investigated.

ref. 2.2.2 The next steps will be according to the program of work.

ref. 2.2.3 As the measurements described in ref 2.2.3 have been made on samples after

long time (till 2 months) hydrogen saturation and irradiation, new in-situ measu-

rements in Tomsk are provided. The analysis of the thermal wave microscope

images should be finished.

8 Relation with other Projects

1501269: "Optimierung und Bewertung elektromagnetischer Prüfverfahren zum

Nachweis von Werkstoffveränderungen in Kraftwerkskomponenten, verursacht

durch

betriebsbedingte Kupferausscheidung",

1501087: "Betriebsbedingte Eigenschaftsänderungen kupferhaltiger ferritischer

Behälter- und Rohrleitungsbaustähle",

1501219: "Nachweis von Cu-Ausscheidungen mittels mikromagnetischer Prüf-

verfahren".
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General Aim

To the aims of the reactor safety research work sponsored by the BMWA

* to contribute to the continuous further development of the safety techniques

and

* to provide for the safety evaluation of nuclear facilities

- improved knowledge as well as

- procedures

this project contributes with respect to computer based control systems.

It is reasonable to expect that modern computer based control systems will ha-

ve several advantages with respect to safety. Within this project criteria for

nuclear software as a whole will be formulated as well as constraints especially

for the code. Approaches for the integration of software reliability and human

reliability work will be developed and proved.

This project will evaluate approaches for further improvements of the quality of

computer based control systems and by this contribute to the increase of safe-

ty-

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 To the extent to which other quality characteristics than safety - as e.g. security

- become important it is necessary - as well for the assurance of safety - to start

system development with a clear statement on the quality profile to be complied
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with. Based on a clearly stated quality profile it is possible e.g. to choose a set

of appropriate standards whose clauses shall be considered during realization

of the computer based system.

The contractors have been engaged within European and national projects

about the quality of computers and their software. The objective of VeNuS is to

take these European and national predevelopments as a basis for constructing

a nuclear power plant specific approach which supports the systematic determi-

nation of the quality profile which needs to be met.

2.1.2 A significant amount of the requirements imposed on computer based systems

and their software by standards are difficult to be identified.

Identification of the requrements and their consideration by developers, testing

staff, assessors as well as licensing authorities depend on the understandig of

and frequency of work with standards. Accessability as well as pure quantity of

the standards complicate correct interpretation as well as application.

For the development and assessment of non-nuclear systems it has proved

worth to analyze the standards under consideration uniquely by a qualified

team, to condense the gained requirements, to store them in a database and tp

provide an suitable tool for handling of the requirements database to its user.

Particular objective of this topic is to provide a system configured for nuclear

power plant application which supports

* the identification of redundant requirements originating from different stan-

dards,

* the definition of requirements profiles for different safety related systems,

* the determination of checklists for tests and assessments as well as

* documentation of the accepted / rejected requirements.

2.1.3 Besides the "normal" usage of control systems which is by the plant operator

there is an "unusual" usage. This "unusual" usage usually is not by the plant

operator but by control systems experts. And typically the "unusual" usage is

not from the control room but in a laboratory or in the electronic equipment

rooms (with open doors of the electronic cabinets). Part of this "unusual" usage

is the adoption of parameters or maintenance as well as repair.

Based on the evaluation of failure reports the "unusual" usage has significant

influence on the safe operation of nuclear power plants.
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Because safety related control systems are simple systems - or at least should

be simple - this topic is concerned with the usability of simple systems in case

of the adoption of parameters, maintenance and repair. By these activities fre-

quently the control system configuration is changed resulting in the necessity

for sound configuration management. Particular objective of this topic is to eva-

luate at the example of the configuration management those control systems

properties which contribute to a good usability or which are a prerequisite for a

"unusual" usage of computer based systems with low risk.

2.1.4 Computer based instrumentation and control systems enable the realisation of

complex and flexible application functions. Consequently the configuration and

operation procedures are complex as well. The application experiences as

known by the research contractors substantiates difficulties, to deal adequately

with complex human interfaces.

The reason for those discrepancies between complexity of operation procedu-

res and human capabilities to manage it in a safe manner seems to be offen an

uncomplete understanding of full consequences of specific operation by the

operators.

As reasonable potential to impove the safe operation of complex computer ba-

sed instrumentation and control systems seems to be the improvement of tra-

cebility between control systems functionality and the operator documentation.

The aim of topic 2.1.4 hence is to assist the derivation of operator documentati-

on wich represents safety relevant operation procedures in a correct, complete

and understandable manner.

2.1.5 First objective of this topic is to approach the assessment of formalised softwa-

re parts and of non formalised software parts in an integral manner such that

the complete assessment of the safety relevant properties is reached in the

most efficient way. Part of this approach shall be the identification of those soft-

ware parts whose evaluation does not contribute to a detectable extent to the

safety case.

Second objective of this topic is to identify an optimal combination of procedu-

res applicable to the formalised software parts which support the complete eva-

luation of the safety related properties in an efficient way.

Third objective of this topic is to reduce the amount of procedures requiring the
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execution of software with respect to those procedures needing no execution of

the software as far as reasonable possible. Background for this is that procedu-

res requiring execution of software are altogether more time consuming - and

by this are more expensive as well - as procedures running without executing

the software.

Fourth objective of this topic is to implement the approach resulting from the

first three objectives as a prototype of an integral assessment tool,

(assessment umbrella or - in case the term is misleading - e.g. methods-data-

base). By this it shall be demonstrated on the one hand side that the elaborated

approach works and on the other hand side the basis for acceptance among

experts shall be provided.

2.1.6 Actual publications do not only impose requirements on the requirements spe-

cification, the program code and the user's manual but as well on other softwa-

re parts as e.g. the design and the test documentation. Those "other" software

parts are indispensable for engineering the software. However, according to

practical assessment work it is fair to assume that they are in a subordinate po-

sition for assessing the safety of software products. Objective of this topic is to

examine which "other" software parts may be ignored for a meaningful safety

assessment and to evaluate those properties which especially program code

must have to allow the ignorance.

2.2 Program of Work

2.2.1 Presentation of the requirements on development and safety assessment of

computer based control systems in a scalable and comprehensible way.

2.2.2 Handling of the requirements on development and safety assessment of com-

puter based control systems from standards.

2.2.3 Examination of the handling of control systems in situations as maintenance,

back fitting or upgrading.

2.2.4 Design and documentation of the human machine interface consistent to the

guidelines imposed on computer based control systems, especially their soft-

ware.

2.2.5 Pushing forward an integral approach for the evaluation of the safety of control

systems.

2.2.6 Finding out the possibilities for safety evaluations based on the program code.
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3 Experimental Facilities

Experimental facilities were neither build up nor used in the report period.

4 Computer Codes

The project aims at a faultless development of computer based systems and

the assessment their safety. Fundamental component of computer based sys-

tems are codes. These will be discussed in the clauses 5 and 6.

5 Progress to Date

ref. 2.2.1 The working step "Update the tool TASQUE (or SQUID) in the way, that it is

possible to replace the previous used specific software engineering metrics

with nuclear requirements" (offer 4.1.1.c) has been completed in the reporting

period.

The working step "Realize the acquired verification in the updated tool TAS-

QUE (or SQUID)" (offer 4.1.1.f) has been started. Because of inadequacies in

that step, some recent steps needed to be resumed:

* Revision of the definition for the procedure to handle safety oriented quality

profiles for computer based safety systems in nuclear power plants (offer

4.1.i.b)

* Adoption of the realization of the procedure for the handling of nuclear quality

profiles in the updated tool TASQUE (or SQUID) (offer 4.1.1 .d)

Some work is left for the step "Create an interface to the tools used in work

package 4.1.2" (offer4.1.1.g)

The working step "Acquire an approach to verify the nuclear quality profiles for

computer based safety systems with the use of Bayesian networks" (offer

4.1.1 .e) started in the report period.

ref. 2.2.2 A prototype of requirements presentation tool, based on two standards - IEC

61513 and IEC 62138 - and a NRC technical guide - NUREG 0800 - hase been

implemented. The nessesary database hase been specified, implemented and

filled with the standards requirements.

Finally a validation plan for the prototype functionality has been specified.

Actually the validation tests according to the validation plan are performed and
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documented

ref. 2.2.3 The work for this point had been started in January 2004 by

* the development of a taxonomy of "unusual" plant conditions and by the spe-

cification of a multi attribute description model for positive as well as for negati-

ve system properties as well as

* the development of an interview guideline for running expert interviews.

In the second half of 2004, the work for this point has been defined more preci-

sely such as that the taxonomy of "unusual" plant conditions developed in the

first half of 2004 will be applied to the area of software configuration manage-

ment in the following way: The multi attribute decision approach will be used in

order to evaluate a meaningful application of software configuration manage-

ment in "unusual" plant conditions that are possible to occur within the software

product life cycle. These "unusual" plant conditions can be treated as risks that

can be taken into account for the software product not meeting the software

quality goals.

Therefore, by using risk or fault assessment procedures unusual plant conditi-

ons of the software product life cycle will be identified and judged concerning

their probability of occurrence as well as their consequences. The necessary

steps for this approach have been defined as follows:

1) Expert interviews will be conducted with respect to the risks. Previous to this,

it will be checked to which extent risk- or fault analysis procedures may be app-

lied to the software product life-cycle and to which extent they may be used as

part of an interview. Based on these procedures, experts will identify possible

risks within the life cycle, and judge them concerning their probability of occur-

rence and their consequences. Furthermore, it will be proved whether the appli-

cation of software configuration management for these "unusual" plant conditi-

ons are meaningful namely as configuration management tasks.

2) Checking to which extent existing safety standards as well as configuration

management standards cover these conditions where a meaningful application

of configuration management is essential.

3) Furthermore the expert interviews will be used to identify the requirements

on a tool based configuration management. Software-ergonomic requirements

shall be part of this.
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4) Elaboration of proposals for increasing the acceptance of tool based configu-

ration management.

ref. 2.2.4 Evaluation, collection and categorysation of user interface elements

Allocation of UML (Unified Modelling Language) presentations to user interface

elements

Evaluation of nessesary operational information related to UML presentations

Summarising of UML related operational information in UML metamodell profi-

les

Development of a users manual classification structure (users manual templa-

te) based on ISO 9241

Respecification of parts of RiskCAT Nuclear tool functionality as application ex-

amples

ref. 2.2.5 During the project meeting on the 12th and 13th of October in Berlin the partici-

pants presented approaches with respect to this work point. The respective be-

nefits for the project have been discussed.

ref. 2.2.6 Start of this work point had been planned for the project meeting on the 12th

and 13th of October in Berlin. However, the start has been shifted to the begin-

ning of 2005. So no activities took place with respect to this work point during

the reporting period.

6 Results

ref. 2.2.1 The tool implementing the procedure defined before works as expected and

has been used successfully in some internal work.

The interface to the database of working point 2.2.2 is completed except some

minor corrections. It works as expected, too.

In cooperation with OECD Halden Reactor Project a concept based on Bayesi-

an networks has been developed further.

This implies the use of an external bayesian networks tool. In spite of beeing

sophisticated the development of a related tool prototype progressed well. Ho-

wever, a reverse approach is still in discussion as already expected before.

Our partner IFE wrote in this context an e-mail at 15th December 2004 which

contains a status report.

Our partner ISTec wrote in this context an e-mail at 20th December 2004 which
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contains a research report,

ref. 2.2.2 Databases with IEC 61513, IEC 62138 and NUREG 0800 requirements

The tool prototype RiskCAT Nuclear

Users manual and equivalent online help documentation for RiskCAT Nuclear

Testplan and test specification for the tool validation

ref. 2.2.3 * The approach has been introduced and discussed at several presentations by

the TU Berlin.

* A taxonomy of those "unusual" plant conditions of the software product life cy-

cle which shall be covered according to the software configuration manage-

ment standard ISO 10007 management has been established - namely confi-

gurations management tasks.

* An initial overview on risk or fault analysis procedures has been conducted.

* The interview guideline for running expert interviews has been adopted such

as the risk analysis procedure has been integrated into the interview guideline.

* This revised interview guideline has been tried out internally on a meeting on

2nd December 2004 at TU Berlin.

* The revised interview guideline is ready for application with external experts,

ref. 2.2.4 Lists and tables of user interface elements

TÜV progress report summarising the topic results dated from November 2004

Report of TU München dated from November 2004

ref. 2.2.5 Four suggestions for detailed approaches with respect to this work point have

been elaborated. They are given in the protocol of the project meeting on the

12th and 13th of October in Berlin. From our partner ISTec a progress report

with respect to this work point has been submitted by email dated 20th Decem-

ber 2004.

7 Next Steps

ref. 2.2.1 To complete this work package the further steps will be:

* Complete the actualization of the approach to handle nuclear power enginee-

ring safety oriented quality profiles for computer based safety systems.

* Complete the remaining work at the interface to the tool of 2.2 (offer 4.1.2.g,

the remaining work is the result of the iteration of the approach to handle nucle-

ar power engineering safety oriented quality profiles for computer based safety
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systems).

* Final description of the approach to verify the nuclear quality profiles for com-

puter based safety systems with the use of Bayesian networks.

* Complete updating the prototype to concur with the tool to deal with the baye-

sian networks.

* Start with documentation and proving the prototype.

* Technical report for this work package.

A further project meeting took place on the 2nd and 3rd February 2005 to ad-

just with our partners.

ref. 2.2.2 Finalisation and documentation of tool validation Preparation of the topics final

report

ref. 2.2.3 Steps resulting from the progressed definition of the working point

* As part of the progressed definition of the working point a comprehensive lite-

rature survey with respect to

- standards and

- Risk Analysis Procedures

* Furthermore experts need to be acquired for the application of the interview

guideline. They should be from the area of computer based safety systems.

Steps planned for the first half of 2005

* Optimization of the interview guideline with respect to the identification of the

risk causes

* Execution of the experts interviews and their evaluation

* Consistency check between standards and experts statements:

Do the configuration management standards cover all "unusual" conditions?

Is there a reason for enlargement of the standards ?

* Evaluation of ergonomic and psychological aspects which may have import-

ance for the

configuration management.

Steps planned for the second half of 2005

* concept of motivation for applying configuration management

* Answering the question of a meaningful application of software configuration

management and discussion in an experts workshop.

ref. 2.2.4 Continuation of evaluation, collection and categorysation of user interface ele-
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ments related to UML presentation Continuation of work related to a users ma-

nual template Specification and implementation of a first tool prototype for a

user manual editor.

In parallel to the tool development appliction of the prototype on RiskCAT

Nuclear tool respecification examples

ref. 2.2.5 On the 31th January 2005 a meeting for the planning of the next steps for this

working point will take place.

ref. 2.2.6 On the 1st February 2005 a meeting for the planning of the next steps for this

working point will take place.

8 Relation with other Projects

There are some interweavements with the project Qualification of Integrated

Tool Environments (QUITE), code 1501280.

A contact to an institution witch will work about the Probabilistic Safety Analysis

(PSA) of software was established with the help of the research management

division. An exchange of ideas with that applicant occurred on 12. February

2004.

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501284
Vorhaben / Project Title

Determination of Fracture Mechanics Values on Irradiated Specimens of German PWR Plants

Ermittlung von Bruchmechanikkennwerten mittels vorbestrahlter Proben an Werkstoffen der
deutschen DWR-Baulinien. Einordnung der Ergebnisse in das Master-Kurve-Konzept
Arbeitsbeginn / Initiated

01.09.2003
Arbeitsende / Completed

31.08.2007
Berichtsdatum / Last Updating

21.02.2005

Fördernde Institution / Sponsor

BMWA
Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Framatome ANP GmbH
Leiter des Vorhabens /Project Leader

Keim, Elisabeth
E-mail Adresse des Leiters des Vorhabens

elisabeth.keim@framatome-anp.com

1 General Aim

This project represents an important item in the scope of the reactor safety re-

search of the BMWA in achieving an up-to-date proceeding for the safety as-

sessment of reactor pressure vessels.

The safety assessment procedure for reactor pressure vessels applicable in

Germany is stipulated in KTA 3201.2. It is based on the RTNDT-concept, deve-

loped in the US in the 70th. This concept contains a deterministic lower bound

KIC-curve based on measured values. The KIC curve has to be adjusted for a

specific material by the individual determined RTNDT of this material. Beside

this procedure, the German Code accepts the use of measured KIC values for

establishing a KIC,T-curve, without prescribing the according procedure.

Worldwide a new concept for the safety assessment procedure for reactor

pressure vessels is going to be elaborated, based on the Master Curve Con-

cept, respectively the Master Curve Concept is going to be adopted in the na-

tional codes of some countries. In Germany a KTA 3201.2 Working Group is

assigned by this task.

In the scope of this project a data base shall be created on values of irradiated

original RPV materials of German nuclear power stations.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 A fracture mechanics database on irradiated materials of German PWR shall

be developed for qualification of the production specific influences. The obtai-
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ned results shall be censored and evaluated by the Master Curve Concept with

respect on:

- The impact of the Master Curve- respectively T0-Concept on the safety as-

sessment of German RPV materials in the unirradiated and irradiated condition;

- The comparison of a safety assessment according to the RTNDT-concept and

the Master Curve Concept;

- The question if crack arrest curves can be determined on irradiated materials.

For this reason crack arrest values of characteristic RPV materials shall be de-

termined and it shall be checked if crack arrest can be integrated in the new sa-

fety concept.

2.1.2 The project is drawn up in that way the following scientific and/or technological

aims shall be achieved:

- Establishing a data base of KJC values of irradiated German RPV materials in

the transition range;

- Clarifying the question of appropriate specimen size and format for TO testing;

- Impact of the Master Curve Concept on the safety analysis of German RPV

materials;

- Comparison of the safety assessment according to the RTNDT Concept and

to the Master Curve Concept;

- Clarifying the question if crack arrest curves of irradiated material can be de-

termined;

- Check and clarifying if crack arrest can be integrated in the new safety con-

cept.

2.2 Program of Work

2.2.1 Preparatory work

- Opening of the VAK capsules;

- Evaluation of the temperature monitors;

- Drawing of the activity detectors;

2.2.2 - Determination of specimen fluences;

- Activity measurements;

- Fluence calculations;

2.2.3 Characterization of the materials in the un-irradiated initial state

- Provision of still existing results and data;
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- TO determination of the materials in the un-irradiated initial state;

2.2.4 Experiments on irradiated specimens

- Tensile tests;

- Charpy V tests (DT41, RTNDT Concept);

- KJc as a function of T, (TPB tests, 10x10 mm2 specimens);

- TO determinations (PC-Cv specimens):

- TO determinations (25 mm specimens);

- Crack arrest Kla;

2.2.5 Compilation of the results in the final report.

3 Experimental Facilities

Only available facilities are used.

4 Computer Codes

none

5 Progress to Date

ref. 2.2.1 - In project meetings the sequence of the next working steps was stipulated.

- Capsules have been opened.

- Specimens have been made available for testing,

ref. 2.2.2 - Measurement of the activities has been finished.

- Fluence calculations have been finished.

ref. 2.2.3 - Documentation of existing base line data and test data;

ref. 2.2.4 - Testing of irradiated tensile tests specimens is finished.

- Testing of irradiated Charpy specimens for Cv,T-curves is finished.

- KJC tests on WOL 100 X specimens of Material P 370 was performed.

- TO testing on SE(B) specimens has been started.

6 Results

ref. 2.2.2 - Fluence values are now available for all specimens intended for testing,

ref. 2.2.3 - Base line data of the materials in the unirradaited condition are available,

ref. 2.2.4 - Tensil test results and Cv,T-curves of all materials in the irradiated condition

are now available.
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- TO for Material P370 has been determined.

- One KJC test which was not usable for TO determination shows a confirmati-

on of the WPS effect on irradiated material.

7 Next Steps

ref. 2.2.1 - Reports will be written for the performed work.

ref. 2.2.2 - The report of the fluence calculations will be written.

ref. 2.2.3 - Documentation of existing data and test results will be performed in reports

and in a data base,

ref. 2.2.4 - The work according to the stipulations made in the project meeting will be

continued.

- Continuation respectively finishing of the TO testing in the irradiated state.

- The TO tests for materials in the unirradiated initial state will be performed.

8 Relation with other Projects

1501239 Critical Investigation to the Master Curve Concept for the Application

to German Nuclear Power Plants, IWM-Freibrurg

1501240 Critical examination of the master curve approach regarding applicati-

on in German nuclear power plants, MPA-Stuttgart

1501277 Application of Master Curve Concept for the characterization of the

toughness of neutronics radiated reactor vessel steels, FZR-Rossendorf

9 References

Hein, H., R Langer, E. Keim, H. Schnabel

"Introduction of the new project CARISMA for the determination of fracture me-

chanical characteristics by the aid of irradiated materials for all generations of

German PWRs"

IAEA Specialists meeting on Irradiation effects and mitigation in Reactor Pres-

sure Vessel and Reactor Internals, Moscow, Russia 23-28 May 2004

Keim, Elisabeth, Reinhard Langer, Hilmar Schnabel, Hieronymus Hein

CRACK INITIATION AND ARREST OF IRRADIATED RPV-STEELS:

A NATIONAL PROJECT ON GERMAN RPV WELD AND BASE MATERIALS

ASME/JSME Pressure Vessels &Piping Conference, 2004 July 25-29, San Die-
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GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501285
Vorhaben / Project Title

Numerical valuation of ratcheting effects on the deformation and failure behaviour of compon-
ents

Numerische Bewertung der Auswirkung von Ratcheting auf das Verformungs- und Versagens-
verhalten von Bauteilen.
Arbeitsbeginn / Initiated

01.10.2003

Arbeitsende / Completed

31.12.2006
Berichtsdatum / Last Updating

31.01.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Materialprüfungsanstalt (MPA) Otto-
Graf-Institut der Universität Stuttgart
Leiter des Vorhabens /Project Leader

Krolop, Siegfried, Dr.-Ing.
E-mail Adresse des Leiters des Vorhabens

siegfried.krolop@mpa.uni-stuttgart.de

General Aim

Within the framework of reactor safety research of BMWA this project is aiming

for developing a tool which allows the simulation of the deformation and failure

behaviour of components both under inelastic monotonic and cyclic loading.

Using new numerical procedures will improve the assessment of the safety

margin under complex component loading. Special importance is attached to

the influence of ratcheting on the component behaviour. On the basis of ap-

proaches of Armstrong, Frederick and Chaboche a phenomenological viscopla-

stic material law will be further developed and optimised. Emphasis is placed

on the description of cyclic material hardening and softening as well as the in-

fluence of cyclic non-proportional loading paths. Component tests will be nume-

rically analysed to get information about the reliability of the material model

when cyclic plasticity and ratcheting is acting. Recommendations for calculati-

ons and instructions respectively for the fatigue analyses can be derived from

these results and so help to record precisely the ratcheting strains. Concerning

safety regulations the project contributes performing fatigue analyses and as-

sessing fatigue processes.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Characterisation of the elastic-plastic material behaviour under monotonic and

cyclic loading respectively with different strain rates and temperatures for fer-
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ritic and austenitc material. Further development of a viscoplastic material law

of AFC (Armstrong, Frederick and Chaboche)-type with constitutional formulati-

on of cyclic softening material behaviour and consideration. Development and

implementation of a computer programme in common finite-element codes.

Material parameters are to be provided for the selected constitutive material

model. Cyclic torsional tests with cylindrical hollow specimens and reversed

bending tests with notched flat specimens to simulate multiaxial stress conditi-

ons. Definition of the parameters and formulating the instructions to be used in

computing and assessing ratcheting deformations in components.

2.2 Program of Work

2.2.1 Characterisation of the elastic-plastic material behaviour under monotonic and

cyclic loading respectively with different strain rates and temperatures. The un-

iaxial tests will be carried out on ferritic material 20MnMoNi5-5 and austenitc

material X6CrNiNb18-10.

2.2.2 Further development of a viscoplastic material law of AFC (Armstrong, Frede-

rick and Chaboche)-type. Constitutional formulation of cyclic softening material

behaviour. Consideration of non-proportional loading paths. Developing of an

open computer routine which allows for implementation in common finite-

element codes.

2.2.3 Material parameters are to be provided for the selected constitutive material

model.

2.2.4 Cyclic torsional tests with cylindrical hollow specimens and reversed bending

tests with notched flat specimens to simulate multiaxial stress conditions. On

the basis of the component tests it is possible to verify the results of accompa-

nied finite-element computations using the constitutional model fitted to small

scale specimens. Furthermore the results will inform on the safty margin of

stesses compared to code regulations for allowable and design exceeding loa-

ding and on the influence of rate-dependent material.

2.2.5 Definition of the parameters and formulating the instructions to be used in com-

puting and assessing ratcheting deformations in components.

2.2.6 Compilation of the results in the final report.

3 Experimental Facilities
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Servohydraulic computer controlled testing facilities for uniaxial cyclic loading

and combined tension-torsion loading. Thermo-mechanical testing system.

4 Computer Codes

ABAQUS, PATRAN

5 Progress to Date

ref. 2.2.1 Extension of the database using uniaxial strain controlled fatigue tests with fer-

ritic and austenitic material at different strain rates (3% - 0.03%) and tempera-

tures (room temperature, 300 °C).

ref. 2.2.2 Formulation of an approach describing cyclic softening by means of the isotro-

pic internal variable R in the viscoplastic material model. Implementation into

the computer code and verification of the approach

ref. 2.2.3 Identification of the coefficients for the given material law for the ferritic material

(cyclic softening material behaviour).

6 Results

ref. 2.2.1 Within the tested strain ranges (1% - 4%) the ferritic material exhibits a mixed

hardening behaviour. The cyclic hardening at the beginning of the tests is follo-

wed by a steady cyclic softening until incipient cracks occur.

ref. 2.2.2 The formulated approach describes successfully mixed cyclic hardening of the

ferritic material.

ref. 2.2.3 A data set of coefficients for proportional loading was identified.

7 Next Steps

ref. 2.2.1 Work to be continued according to working programme.

8 Relation with other Projects

none

9 References

none
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10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501286
Vorhaben / Project Title

Fracture Mechanics Investigations of Dissimilar Welds

Bruchmechanische Untersuchungen zu MischschweißverbindungenArbeitsbeginn / Initiated

01.10.2003

Arbeitsende / Completed

30.09.2006
Berichtsdatum / Last Updating

27.01.2005

Fördernde Institution / Sponsor

BMWA

Land/Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Universität Stuttgart - Institut für Materialprü-
fung, Werkstoffkunde und Festigkeitslehre
(IMWF)
Leiter des Vorhabens /Project Leader

Roos, Eberhard, Prof. Dr.-Ing. habil.
E-mail Adresse des Leiters des Vorhabens

Eberhard.roos@mpa.uni-stuttgart.de

General Aim

Objective of the project is the advancement of the analytic methods for the frac-

ture-mechanics assessment of dissimilar welded joints regarding defect forma-

tion and defect behaviour with analytic and numeric analyses. The work takes

place in the context of the project-promoted reactor safety research of the BM-

WA, main focus of research safety of components, and is of importance for the

receipt of the specialized authority in the field of reactor safety.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Systematic Compilation of data and listing of the influence parameters with re-

spect to fracture mechanics loading. Numerical analyses of different welding

parameters and defect location and geometry, comparison and assessment of

numerical results with experimental findings

2.2 Program of Work

2.2.1 Systematic compilation of available data and listing of the influence parameters

regarding fracture mechanics loading, compilation of relevant loads, characteri-

sation of the defect conditions on the basis of NDE findings, derivative of cover-

ing defect geometry.

2.2.2 Numeric calculations for different defect geometry, different defect location and

welding parameters.

2.2.3 Comparison and assessment of the computation results with experimental fin-
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dings

3 Experimental Facilities

none

4 Computer Codes

ABAQUS, PATRAN

5 Progress to Date

ref. 2.2.1 Compilation and selection of experimental data continued

ref. 2.2.2 2D simulation of manufacturing process started taking into account manufactu-

ring of weld joint. Residual stress distribution computed for further fracture me-

chanics analyses. 3D simulation of manufacturing process started,

ref. 2.2.3 compilation of experimental data started

6 Results

ref. 2.2.1 representative experiments selected

7 Next Steps

ref. 2.2.2 fracture mechanics computiations for representative defect geometry

ref. 2.2.3 comparison of experimental findings with numerical predictions

8 Relation with other Projects

1501245 Investigations on Causes of Material Defects in Dissimilar Weld Joints

during Fabrication

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeilraum / Period

2004
Klassifikation / Classification

02.3
Förderkennzeichen / Project Number

1501287
Vorhaben / Project Title

CFD simulation of mixing phenomena in Pressurized Water Reactors in the presence of densi-
ty gradients

CFD-Modellierung von Vermischungsvorgängen in Druckwasserreaktoren in Anwesenheit von
Dichtegradienten
Arbeitsbeginn / Initiated

01.07.2004

Arbeitsende / Completed

30.06.2007
Berichtsdatum / Last Updating

02.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Technische Universität Dresden - Fakultät
Maschinenwesen - Institut für Energietechnik
Leiter des Vorhabens /Project Leader

Weiß, F.-P., Prof. Dr.
E-mail Adresse des Leiters des Vorhabens

F.P.Weiss@fz-rossendorf.de

General Aim

The project aims at the development and validation of numerical models for

Computational Fluid Dynamics (CFD) codes to describe turbulent mixing in

Pressurised Water Reactors under the influence of fluid density gradients.

The project follows the recommendations of the evaluation committee of the

Federal Ministry of Economics and Labour (BMWA) on "Issues of Nuclear Sa-

fety and Repository Research in Germany" for the period 2000-2006. It is rela-

ted the topical complex 4.2 "Thermal hydraulics during transients and loss-

of-coolant accidents, reactor physics and control rod behaviour, processes du-

ring core degradation in the reactor pressure vessel" under the item "Experi-

mental and analytical investigations on the thermal hydraulics during transients

and loss-of-coolant accidents". The project contributes to the "One- and multidi-

mensional description of single phase flows". The activities under this topic fo-

cus on the investigation of coolant mixing in PWR relevant for boron dilution

and overcooling transients. The project aims at the enhancement of the predic-

tion of time-dependent distributions of the boron concentration and temperature

at the core inlet as boundary condition for neutron kinetic transients analysis.

Dedicated attention is paid to the buoyancy controlled mixing of fluids of diffe-

rent density. Buoyancy controlled mixing is relevant under the condition of low

flow rates (start-up of natural circulation) with relevant density differences.

The models to be developed or upgraded for the improved description of

buoyancy driven mixing scenarios shall be implemented into the code CFX.
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2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 At first, classical statistical turbulence models have to be reviewed regarding

their capability to describe turbulent buoyancy flows. For that aim, various tur-

bulence models existing in the CFD code CFX-5 are to be assessed against

benchmark tests. Further, generic experimental investigations on buoyancy dri-

ven mixing effects shall be performed at a thermal hydraulic set-up of simple

geometry and with advanced instrumentation to allow for detailed observation

of the mixing phenomena. The design features of this facility have to be speci-

fied. Based on the preliminary selection of suitable turbulence models, these

models have to be assessed by comparison of the calculations with the experi-

ments and will have to be improved, if necessary. The improvements and modi-

fications are possibly needed to be able to properly simulate e.g. the turbulence

generation by buoyancy streaks and the turbulence properties of stratified

flows.

Additionally, experimental data gained at the ROCOM mixing test facility at FZ

Rossendorf can be used for validation purposes.

In a further step, the applicability, the advantages and disadvantages of the

Large Eddy Simulation (LES) have to be evaluated in comparison to the statisti-

cal turbulence models.

The scalability of results gained at scaled test facilities to real reactor geometry

is of high importance to reactor safety analysis. Results e.g. from the project

150 1216 have shown the scalability of buoyancy driven mixing phenomena

with respect to the Froude number. The Froude scaling has to be proved expe-

rimentally for the type of flow conditions being dealt with in the framework of

this project. Furthermore, the scalability of velocity, concentration, and tempe-

rature fields from scaled to real reactor geometry has to be shown in CFD cal-

culations.

It is the final goal of the CFD simulations of buoyancy driven mixing to provide

realistic time-dependent distributions of boron concentration and temperature at

the core inlet as boundary conditions for reactor dynamics analyses of boron di-

lution and overcooling transients. According to the current state of the art in this
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field, such boundary conditions can only be obtained from CFD codes validated

against experiments. The validation of the CFD methods is the task of the pre-

viously described work packages. Finally, CFD calculations have to be done for

hypothetical transients scenarios in PWRs. The scenarios to be considered ha-

ve to be selected in accordance with nuclear regulatory requirements. The se-

lection will be agreed on e.g. with Technical Safety Organisations and with

GRS.

2.2 Program of Work

2.2.1 Review and assessment of turbulence models for buoyancy driven flows

2.2.2 Improvement of statistical turbulence models like the extended K-Epsilon model

and Reynolds stress models with respect to buoyancy driven mixing, validation

of the improved models against experimental data

2.2.3 Investigation of the applicability of the Large Eddy Simulation for buoyancy dri-

ven mixing

2.2.4 Demonstration of the scalability to real reactor geometry and conditions

2.2.5 CFD calculations for boron dilution scenarios to provide realistic boundary con-

ditions for transients analyses according to nuclear regulatory requirements

3 Experimental Facilities

Coolant mixing test facility ROCOM

4 Computer Codes

CFX-5

5 Progress to Date

ref. 2.2.1 Based on a literature review, a preliminary selection of turbulence models suita-

ble for the description of buoyancy driven mixing, particularly with respect to the

expected anisotropy of turbulence generation, was made. Up to now, first order

statistical models like the K-Epsilon and SST K-Omega models with additional

source terms for buoyancy induced turbulence generation and the Large Eddy

Simulation have been considered. The various Reynolds stress models, based

on sets of transport equations for the different components of the Reynolds

stress tensor and the components of the turbulent heat fluxes, have to be taken
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into account in more detail in the next step of the literature review.

Calculations for the IAHR "Stratified Mixing Layer" benchmark were accomplis-

hed using the code CFX-5. This benchmark treats the mixing of two fluids with

different densities, initially filling rectangular boxes on both sides of a separati-

on wall. At time zero, the wall is removed and the fluids start to mix.

ref. 2.2.2 As first steps in code validation, post-test calculations were done for an experi-

ment on buoyancy driven mixing previously performed within the research pro-

ject 150 1216 "Coolant mixing in pressurised water reactors" at the ROCOM fa-

cility, and for experiments on the mixing of water with different boron content in

an emergency reactor flooding tank. The latter experiment was performed in a

flooding tank model at NPP Isar. In that experiment, the effectiveness was in-

vestigated of the mixing of water with different boron content by pumping it con-

tinuously from the bottom to the top of the vessel. The movement of the boun-

dary between the initially stratified layers of water with less and higher density

was observed using a conductivity detector lance developed at FZR. The data

from these measurements have been made available for code validation. The

SST K-Omega turbulence model was used in these calculations.

6 Results

ref. 2.2.1 Based on the CFX-5 calculations for the "Stratified Mixing Layer" Benchmark,

an appropriate approach has been established for the description of the mixing

of fluids with different density. According to this approach, the two fluids are

modelled as components of one liquid phase. Then, the average local density

of the fluid is a function of the mass fractions of these components. The initially

chosen approach to model two liquid phases with different densities is not sui-

table, because in that case the two liquids finally do not mix, but separate.

ref. 2.2.2 In case of the ROCOM experiment with injection of water with 10% higher den-

sity into the cold leg with 10% of nominal mass flow (simulation of an emer-

gence core cooling (ECC) injection), a good agreement of the measured and

calculated average mixing scalar (relative, normalised concentration of the

ECC water) was achieved for positions at the reactor inlet and in the downco-

mer. However, the agreement is not yet satisfactory when looking at the local

mixing scalar values. On the one hand, the stratification in the cold leg is overe-
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stimated in the calculations, i.e. mixing is underestimated. On the other hand,

the mixing in the downcomer is overestimated. Further investigations are ne-

cessary to understand the reasons and to reveal the influence of the turbulence

model.

In first calculations on the flooding tank mixing experiments, the observed be-

haviour of the boundary between the water layers with higher and lower density

was described in good qualitative agreement with the measurement. Further

calculations with correctly specified boundary conditions according to the expe-

riment and subsequent quantitative comparisons have to be performed.

7 Next Steps

ref. 2.2.1 According to the work plan, the literature review has to be completed within the

next reporting period. The calculations on the flooding tank experiments have

to be finished. Based on the analysis of the relevant phenomena observed in

the benchmark tests, the ROCOM and the flooding tank experiments, a generic

experiment of simple geometry, equipped with advanced measurement techni-

ques has to be designed.

8 Relation with other Projects

Coolant mixing in pressurised water reactors - Part II: Experimental equipment

and investigation of the mixing (FKZ 150 1216, completed)

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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2

2.1

2.1.1

General Aim

In the framework of the Reactor Safety Research of the German Ministry of

Economy and Labour (BMWA), experimental data in horizontal pipes are to be

procured.

The knowledge about flow forms is particularly important for the modelling and

simulation of two phase flows. The determination of the interfacial area concen-

tration is especially interesting for the quantification of the interfacial transfer of

mass, momentum and energy. Local and temporal high resolution information

about two-phase flow is needed for a successful detailed modelling of this pro-

blem, creating a fundamental view on the formation of the different flow pat-

terns and their development.

Particular Objectives and Program of Work

Particular Objectives

A main goal of the project is to gain these data experimentally, regarding the in-

terfacial area concentration, evolution of the phase distribution and the local

phase velocities of a horizontal gas liquid flow. That will allow the model-

developers to take into account the formation and the development of horizon-

tal gas liquid flows in a wide range of flow regimes. Furthermore, the acquired

data can also be available as an experimental data base for the investigation of

the interfacial area transport, as well as for the validation of two-phase compu-
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tational numerical codes with already well-known models.

For the validating simulations of the model-developers it is important, that all in-

let, initial and boundary conditions of the different test cases are well defined,

so the simulations can proceed with the same conditions as in the experiment.

Additionally, the distributions of each phase, the superficial velocities, as well

as the turbulences have to be known.

2.2 Program of Work

2.2.1 Modification of the test facility of Lehrstuhl für Thermodynamik, TUM.

2.2.2 Measurement of the local and temporal phase distribution of the horizontal gas

liquid flow.

2.2.3 Development of an evaluation algorithm for the determination of the interfacial

area concentration of the different flow patterns.

2.2.4 Measurement of the local velocity of each phase by means of Particle Image

Velocimetry (PIV) Tecnique.

2.2.5 Compilation of the results in the final report.

3 Experimental Facilities

The test facility of Lehrstuhl für Thermodynamik (TUM) consist of a horizontal

measuring test section, an open air flow loop with a compressor, a closed water

loop with a reservoir and a pump, a two-phase mixing section at the beginning

of the measuring section and a phase separator at the end of the measuring

section. The loop is operated at pressures and temperatures close to atmos-

pheric conditions. The test section is a Plexiglas pipe about 11 meters long with

an internal diameter of 54 mm. It consists of four sections, which are connected

with flanges.

The determination of high temporal resolution, as well as spatial resolution, of

the phase-distribution is realized with a wire-mesh sensor, whose measure-

ment principle is based on the different electrical conductivity of water and air.

The local velocity of each phase and the flow pattern will be determined by

means of the Particle Image Velocimetry (PIV) technique.

Pressure drop, air and gas temperatures and air and gas flow rates will be

measured too.
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4 Computer Codes

- HP VEE is used as measuring program.

- MATLAB is used for the analysis and image processing of the experimental

data.

- CFX-5 will be used as CFD-Code for the Validation und Simulation of the dif-

ferent experiments, as well as FLUBOX and ATHLET.

5 Progress to Date

ref. 2.2.1 The changes of the test facility refer to the whole regulation of the liquid and

gas flow rates, the components for the mixture of the two phases and the in-

strumentation of the measuring test section. The regulation of the flow rates

and the conception of the new two-phase mixing section, which define the initi-

al, inlet and boundary conditions of the different experiments, are necessary for

the generation of clearly defined and quantified flow patterns.

Air flow loop: The air is compressed from the environment by a compressor and

stored up to 14 bar in a reservoir. The gas flow rate is accurately adjusted by a

mass flow rate controller. Then, a three-way magnet valve leads the air flow eit-

her into the plant or into the environment. Thus, intermittent defined air volumes

can be produced with a switching frequency up to 20 Hz without a new regulati-

on of the mass flow rate controller. The air volumetric flow rate is measured be-

fore it enters into the two-phase mixing section by means of a metering orifice.

Water flow loop: The water is supplied by a centrifugal pump from a reservoir.

A three-way valve moved by a motor, which is controlled from a PID controller,

leads part of the water flow back into the reservoir and part of it into the test

section. The water flow rate is measured before entering into the two-phase mi-

xing section by an inductive flowmeter, which communicates with the PID con-

troller.

A Two-phase mixing section has been designed and manufactured for the pro-

duction of stratified, wavy, plug and slug flows. Air and water are introduced se-

parately through flexible tubes into the mixer, where a horizontal plate separa-

tes them and will ensure an initially stratified configuration. The gas is introdu-

ced above and the liquid below. By means of a vertical perforated plate in the
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mixing section, both fluid profiles are rectified.

ref. 2.2.2 Pressure and differential-pressure measurements are carried out by several

pressure tappings at the mixing section and along the test section. The distan-

ce between the differential- pressure transducers is around 20D. The determi-

nation of high temporal resolution, as well as spatial resolution, of the phase-

distribution is realized with a wiremehs sensor. This sensor can be placed bet-

ween two flanges at 5 different places along the measuring section. Both the li-

quid temperature and the gas temperature are acquired before the flows enter

into the mixer.

A measuring program has been created for the acquirement of the experimen-

tal data and control of the controllers.

ref. 2.2.3 Several programs have been developed in Matlab for the analysis and image

processing of the experimental data. The program, which calculates the interfa-

cial area has also been created in Matlab.

The geometrie of the experimental test section has been built with different git-

ters in CFX and simulations for 2 meters long pipe have been made.

6 Results

ref. 2.2.1 The modifications, which have been made in the experimental facility, have al-

lowed the creation of clearly and quantified stratified, wavy, plug and slug flows.

Figure 1 shows in the flow map after Mandhane the possible horizontal flow

patterns, which can be created at the beginning of the pipe with the actual con-

figuration of the experimental facility.

ref. 2.2.2 With the acquired data from stratified, wavy, plug and slug flow, a experimental

data base has been created, regarding pressure drop along the test section,

phase-distribution, velocity of each phase and interfacial area. In Figures 3, 4

and 5 can be seen the section views of the virtual evolution of the phase-

distribution for three different flow patterns in a length of two meters.

ref. 2.2.3 Figures 6 and 7 show two flow patterns with different lengths. The interfacial

area is calculated with matlab.

7 Next Steps

ref. 2.2.1 - Design of the whole concept for the accomplishment of PIV measurements in
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the experimental facility.

- Changes in the experimental facility for the accomplishment of PIV measure-

ments.

ref. 2.2.2 - Implementation of the new measurement technique (additional wire-mesh

sensors along the pipe, which will permit the study of the development from

stratified flow to plug flow) in the test section.

- Modification of the measuring program.

- Accomplishment of new measurement data.

- Study and comparison of the experimental data acquired from the wire-mesh

sensor and the data from the PIV technique.

ref. 2.2.3 - CFD-Simulations and comparison with the already taken experimental data.

- Changes in the already done analysis and image processing programs and

creation of new programs.

- Study of the transition from stratified flow, to wavy flow until plug flow.

- CFD-Simulations and comparison with the new experimental data acquired by

the wire-mesh sensors.

- Study and comparison of the acquired experimental data from the wire-mesh

sensor and the data from the PIV technique.

- Comparison of the PIV measurements with CFD Simulations.

ref. 2.2.4 - Design of the whole concept for the accomplishment of PIV measurements in

the experimental facility.

- Accomplishment of 2D (eventually 3D) PIV measurements.

- Study and comparison of the experimental data acquired from the wire-mesh

sensor and the data from the PIV technique.

- Comparison of the PIV measurements with CFD Simulations.

8 Relation with other Projects

none

9 References

none

10 Degree of Availability of the Reports
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GRS, Research Management Division, Cologne



Fig. 1: Flow regime map after Mandhane.

Fig. 4: Wavy flow (Superficial velocities: VjG= 2,180 m/s; VjF= 0,0720 m/s; Mean Void
fraction= 55,03 %).

Fig. 3: Stratified flow (Superficial velocities: VjG= 0,728 m/s; VjF= 0,131 m/s; Mean Void
fraction= 47,25 %).

Fig. 2: Colour-scale of the Void fraction in %.



Fig. 5: Slug flow (Superficial velocities: VjG= 0,728 m/s; VjF= 1,092 m/s; Mean Void
fraction= 28,25 %).

Fig. 6: Stratified flow (Length of the flow: 15,4m; calculated interfacial Area: 0,7561 m2).

Fig. 7: Slug flow (Length of the flow: 1m; calculated interfacial Area: 0,0424 m2).
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1 General Aim

Within the framework of the Reactor Safety Research of the BMWA a safety-

oriented research on boron reduction strategies for German PWRs is carried

out. The main objective of the study is an investigation on possibilities for safety

improvements in German PWRs through reduction of boron with alternative re-

activity control strategies. Emphasis is given to improvements related to boron

dilutution events and to preventive accident management.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Identification of promising approaches from foreign research activities

2.1.2 Selection of basic alternative strategies for core design with a potential to per-

mit the reduction of boron concentrations under operational and accident condi-

tions

2.1.3 Investigation into the impact of the alternative strategies on the possibility and

the control of boron dilution events

2.1.4 Investigation into the significance of the alternative strategies in terms of

strengthening preventive accident management

2.1.5 Summarizing evaluation of the alternative strategies

2.2 Program of Work

2.2.1 Comparative analysis of foreign research in the field of boron reduction/elimi-

nation in PWR

2.2.2 Alternative strategies
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Basic alternatives to current boron utilization strategies for PWRs permitting a

boron reduction are studied. The most promising alternatives are identified for

more detailed investigation.

2.2.3 Influence of boron reduction on boron dilution events

Accident simulations are performed in order to asses the advantages of the

identified alternatives concerning the elimination resp. the control of boron dilu-

tion events.

2.2.4 Influence of boron reduction on accident management

For the identified alternative strategies it is investigated if and how far those

strategies are capable to increase the flexibility of accident management. Here-

to simulations of representative accidents and beyond design events with diffe-

rent injection strategies are performed.

2.2.5 Assessment of alternative strategies based on the investigations performed

Advantages and disadvantages of the different alternative strategies are explo-

red.

2.2.6 Compilation of the results in the final report.

3 Experimental Facilities

none

4 Computer Codes

The simulations are conducted with the best-estimate system code ATHLET

with one resp. three dimensional neutron dynamics model and a simplified

three dimensional representation of the relevant flow processes in the reactor.

5 Progress to Date

ref. 2.2.1 Investigations from France, USA, Korea and Israel dealing with possibilities of

boron reduction resp. elimination in PWRs have been evaluated.

ref. 2.2.2 Alternative strategies with Gd and Er burnable absorbers have been examined.

For the examination of the different alternatives an approach has been develo-

ped based on the following parameters: absorber concentration, number of poi-

soned rods, positioning of the poisoned rods and axial profiling of the poison in

the absorber rod.
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ref. 2.2.3 The latest versions of the QUABOX/CUBBOX and ATHLET codes have been

implemented. A 4-loop model of a PWR has been developed for test calculati-

ons with the coupled thermal-hydraulics (ATHLET) and multidimensional neu-

tron kinetics (QUABOX/CUBBOX).

The QUABOX/CUBBOX code has been tested by different steady state calcu-

lations. A series of test calculations has been performed with the coupled ATH-

LET-QUABOX/CUBBOX code system. These test calculations included calcu-

lations with several open core systems, simulations with the full 4-loop model

and comparisons with point kinetics results.

Several mapping schemes have been developed for the above-mentioned si-

mulations. Their influence on steady state and transient results has been inves-

tigated.

ref. 2.2.4 A first orienting analysis has been performed on the possibility of using unbora-

ted water for core cooling in the frame of severe accident management.

6 Results

ref. 2.2.1 Almost all foreign proposals and concepts are dealing with a total elimination of

boron in the coolant in combination with a complete redesign of the control sys-

tems.

ref. 2.2.2 Exemplary approaches for the utilization of Gd and Er burnable absorbers have

been developed. Boundary cases with higher and lower absorber concentration

as well as number of poisoned rods have been done. An axial profiling of the

poison concentration is kept as an option for future optimizations.

ref. 2.2.3 The test calculations with the coupled ATHLET-QUABOX/CUBBOX system as

well as the comparisons with point kinetics provided plausible and consistent

results. They indicate that the coupled code system is a suitable basis for the

planned investigations.

A significant dependence of the simulations with the coupled ATHLET-QUA-

BOX/CUBBOX system on the mapping scheme has been found. This depen-

dence indicates that the use of a mapping scheme with one thermal-hydraulic

channel per fuel assembly might be most appropriate. This option is related

with rather large computing times, however. Therefore further investigations on

mapping are appropriate.



2004 1501289 4 / 4

ref. 2.2.4 The results of the orienting analysis show a very strong dependence on nuclear

core design as well as on the plant state and the reactor history at the time of

the accident.

7 Next Steps

ref. 2.2.2 Core design calculations with a two-dimensional cell code for selected fuel as-

sembly configurations according to the alternative strategies.

ref. 2.2.3 Adaptation of the 4-loop model used for the test calculations with the coupled

ATHLET-QUABOX/CUBBOX system to the alternative core configurations to

be investigated. In this context further analyses of the possibilities to use simpli-

fied mapping schemes will be investigated in accordance with the concrete co-

re loading pattern (power and burnup distribution, control rod positioning etc).

8 Relation with other Projects

1501225

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

This project has been promoted by the BMWA.

This project resumes the works performed at the Department of Nuclear, Plas-

ma and Radiological Engineering (Computational Engineering) at the University

of Illinois as well as the Paul Scherrer Institut (PSI) in Switzerland of the last 7

years.

The interest in the stability behaviour of boiling water reactors (BWR) is based

on several events that have been observed in nuclear power plants equipped

with BWR in certain states of operation, which are located in the exclusion regi-

on.

For example in Forsmark (Sweden) and Seneca (USA) so called Out of Phase

Oscillations have been observed. Experiments involving nuclear power plants

performed e.g. in Leibstadt (Switzerland) verified the occurrence of Out of Pha-

se Oscillations under controlled experimental conditions.

Regarding safety and economy these instabilities have to be understood in de-

tail to estimate the risk of operating the BWR in the exclusion region, which is

an area in the Mass flux - Power diagram. A detailed knowledge of these insta-

bilities may inspire appropriate technical procedures to avoid or suppress oscil-

lations in order to leave the exclusion region neither with damage to the reactor

nor scram.

Particular Objectives and Program of Work
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2.1 Particular Objectives

2.1.1 Unstable Out of Phase Oscillations can be found by setting the parameters of

operation of a BWR to values located in the exclusion region either in experi-

ments in a real BWR or by using system codes like RAMONA 5.

In this work the Reduced Order Model (ROM) developed at the PSI will be mo-

dified to include effects that have not yet been modelled like the effect of sub-

cooled boiling. Special attention is paid to the nature of the instabilities obser-

ved, which is determined by semi analytical bifurcation analysis. This feature of

the ROM is unique and provides estimated stability boundaries. Employing sys-

tem codes information like this remains somberlain, because bifurcation analy-

sis is not providedable by system codes. RAMONA 5 is used to check the pre-

dictions of the ROM.

Hence, the development of the ROM helps to improve the understanding of the

nonlinear BWR dynamics.

2.2 Program of Work

2.2.1 The work starts with initial skill adaptation training, which is primarily associated

with study of literature.

2.2.2 Retrieval of the ROM and initial work with RAMONA.

2.2.3 Adaptation of the ROM

2.2.4 Data basis for calculations: BWR, DANTON

2.2.5 Comparison of calculations: RAMONA, ROM

2.2.6 Study of literature

2.2.7 Reports

2.2.8 Summary, Results, Dissertation

3 Experimental Facilities

The DANTON experimental facility will be used to verify ROM calculations via

experiments if appropriate results are produced.

4 Computer Codes

The system code RAMONA 5 has been obtained using a university license with

expiring date. RAMONA 5 is a system code which is able to simulate the beha-
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viour of BWR regarding accidents and stability events. Some calculations pri-

marily performed at the PSI employing RAMONA 3 could be reproduced using

RAMONA 5.

The Matlab 7 Software has been obtained and checked operational.

5 Progress to Date

ref. 2.2.1 The initial skill adaptation training has been guided to the full extend by the ex-

ternal advisor Dr. Hennig, who is respected worldwide for his work regarding

BWR stability. The training was fund on the proactive efforts of Dr. Hennig and

Prof. Knorr.

Primarily the financing of Dr. Hennig was planned to be integrated in the pro-

ject, but the project carrier did not approve the necessary fund.

ref. 2.2.6 The study of literature has been focused on reactor dynamics i.e. neutron kine-

tics as well as thermal hydraulic basics like heat transitions, 2 phase flows and

the drift flux model.

ref. 2.2.7 The half year report 2004 - 2 as well as the full year report 2004 have been

written.

6 Results

ref. 2.2.1 The modal expansion of the space dependent neutron kinetics have been stu-

died and first progress has been made understanding the common models of 2

phase flows like homogeneous mixture model and the drift flux model.

7 Next Steps

ref. 2.2.2 In January 2005 the ROM of Dr. Dokhane developed at the PSI will be retrie-

ved on a journey to Switzerland. All necessary initial skills will be trained suffi-

ciently advanced to stand the instruction process.

The adaptation of the ROM is scheduled after familiarization with the existing

ROM.

ref. 2.2.3 The existing ROM will be extended to include the phenomenon of subcooled

boiling as well as a model of the recirculation loop to reach the level of morpho-

tropy between ROM and BWR.
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Finally, the calculation of the void feedback reactivity will be modified.

8 Relation with other Projects

Relations exist to 'thermal hydraulic considering transients' as well as "Reactor

physics of LWR' and especially to 'Interaction of neutron kinetics and thermal

hydraulics1.

9 References

None

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

Within the course of the reactor-safety-research of the BMWA this Project

ought to do preliminary work on condensation modelling for the CFD-network

"Entwicklung und Anwendungen von CFD-Programmen für Phänomene im

Kühlkreislauf von Leichtwasserreaktoren" or. "Development and application of

CFD-programs for phenomena inside the cooling cycle of light water reactors"

The heat transfer by condensation plays an important role in the course of

events of small and bigger failures. In the event of a small leak it is necessary,

that the vapour caused by the decay heat production due to secondary nuclear

reactions can be condensed by the emergency core cooling injection (ECC). In

case of failures with great leaks, during which a lot of vapour disappeared into

the Containment, it must be ensured, that the condensation of the vapour at the

containment wall is great enough to keep the pressure below the allowed criti-

cal pressure. The modelling of the condensation processes is still afflicted with

great uncertainties. Especially for the computation of typical practical applicati-

ons with complicated geometries or special physical effects a lack of appropria-

te measurements exists at present, which are applicable to the definition of

benchmarks, or in other words, the definition of problem cases for the verificati-

on of condensation models.

The condensation at vertical jets as well as the impact of a horizontal jet on a

vertical wall are typical applications which are particularly relevant for the reac-

tor safety (ECC-lnjection into the primary loop). Both cases are playing a domi-

nant role during the ECC-injection into the primary loop at failures with small
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leaks (SBLOCA). So far for both phe-nomena only empirical calculation me-

thods exist, which are mostly of minor accuracy.

Main aim of this project is therefore the preparation of benchmarks for the si-

mulation of flow phenomena with condensation, which play an important role

for reactor safety, as well as the comparison of different modelling approaches

for Condensation phenomena.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Collection and comparison of different approaches for modelling condensation

2.1.2 Time and place specific measurements at the vertical jet and horizontal im-

pinging jet making use of an existing experimental set-up

2.1.3 Preparation of defined test cases (Benchmarks) with defined boundary conditi-

ons

2.2 Program of Work

2.2.1 Collection and comparison of different approaches for modelling condensation

During the last years two research projects founded by the BMBF respectively

BMWi called 'Kondensation bei stratifizierter Strömung in Gegenwart nicht kon-

densierbarer Gase1 (Project Number: 1501207) and "Kühlmittelerwärmung

durch Direktkondensation an geschichteten Strömungen und vertikalen Streifen

zur Quantifizierung des druckbelasteten Thermoschocks" (Project Number:

1500906) which are dealing with the condensation with and without non-

condensing gases present have been performed at the Lehrstuhl für Energie-

systeme (formerly Lehrstuhl für Thermische Kraftanlagen) which is part of the

Technische Universität München. Out of these projects several experiments

with defined boundary conditions shall be selected and it should be tried to mo-

del the ob-served phenomena with the CFD-software CFX. For that purpose

appropriate approaches have to be implemented into the CFD-Code. The inten-

tion of this research is to compare and evaluate the applicability of these mo-

delling approaches for the calculation of simple, clearly defined flow conditions

with CFD-Codes.

2.2.2 Time and place specific measurements at the vertical jet and horizontal im-
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pinging jet making use of an existing experimental set-up.

To enable the partners within the CFD-network to apply the Condensation mo-

dels on complex flow conditions, like a free jet of water, additional experiments

shall be performed - at the existing experimental setup's - dealing with the con-

densation at the vertical and horizontal free jet. Using the available laser-optical

measurement-methods, it is intended to record the geometry of flow, the tem-

perature distribution in the jet and in the vapour atmosphere as well as the con-

centration distribution of the non-condensing gas.

Furthermore it shall be evaluated if and how it is possible - in addition to the

measure-ment methods used so far- to estimate the amount and size of dro-

plets caused by the breakup of the jet by means of appropriate picture analysis.

The measurements shall be performed in a pressure range of 2 to 5 bar at an

existing experimental setup using the measuring technique available at the In-

stitute.

2.2.3 Preparation of defined test cases (Benchmarks) with defined boundary conditi-

ons.

Furthermore it is intended to extract Benchmarks for the verification of conden-

sation-models and for the verification of models for the calculation of free sur-

face flows out of the measured data and prepare them for the further use within

the CFD-network. This benchmarks are intended to verify the applicability of

those models on the complex proc-esses at a free jet. The final data format will

be cleared with the project partners, especially the Software provider (Ansys).

At the end of the project the data shall be available as a kind of database.

3 Experimental Facilities

Within the frame of this project it is - in principle - possible to adapt two different

experimental setup's to the new flow-form. The first is located at the heat and

power plant of the TU - München, which can provide up to 500kg/h vapour at

20 bar and was formally used for the experiments on Condensation at a strati-

fied Water/Vapour-flow with and without a non condensing gas present. It con-

sist of a pressure vessel a steam generator and nitrogen injection system. The

second and more important setup is located at the new sight of the Lehrstuhl

für Energiesysteme in Garching near Munic and was designed for the experi-
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merits on film condensation at a vertical cooled wall in the presence of a non-

condensing gas with natural convection for pressures up to 3 bar.

Besides the conventional measuring techniques (temperatures, mass flow me-

ters) for the evaluation of the global heat transfer by means of energy- and

massbalances a contact free measuring systems is available for the examinati-

on of the local temperature and concentration distribution. This mainly consists

of a laser, a spectrograph and a intensified CCD-Camera based on the applica-

tion of the linear Raman-spectroscopy.

4 Computer Codes

- Image acquisition software Davis appertaining to the CCD-camera

- Image processing software for analyzing the recorded spectra.

- CFD-Software CFX5.7 (Ansys) for numerical simulation of multiphase flow

5 Progress to Date

ref. 2.2.1 Development of a stepwise viable method for the modelling of condensation of

water-vapour in the presence of a non-condensing gas for CFX5.7 for the simu-

lation of conden-sation at a stratified flow. Implementation, test and validation

of this method, as well as tests of the results based on thermo-fluid-dynamic

test cases. Revision of the implementation method and variation of the simulati-

on parameter with view to an improvement of convergence and plausibility of

the results (independence of timescale).

Presentation of the project during the CFD-network meeting in Dresden

ref. 2.2.2 Literature research to the subject of the free-jet and impinging jet. Preliminary

work (Considerations on the reconstruction of the test-section and reconnection

of the measuring systems)(Timeframe for measurements 2005/2006)

ref. 2.2.3 none (Timeframe for development of Benchmarks mid/end 2006)

6 Results

ref. 2.2.1 Starting from the flow-form of interest and the technical condition of the pro-

gram a appropriate modelling approach for the implementation of condensation

out of a mixture of a condensing vapour and a non condensing gas based on
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the equilibrium condition at the phase boundary and a method for the imple-

mentation in combination with CFX5.7 has been developed. It is possible to im-

plement it stepwise, with the benefit, that the model can easily be tested on

fluid-dynamic model-flow forms (isothermal water-flow).

The results obtained showed, that the modelling approach is realisable and

physically realistic. Nevertheless it became obvious, that it is necessary to vary

the method with respect to a time-step independent result. Different variations

have been tested, which partially increased the plausibility of the results, but

normally caused a multiplication of the computation time.

ref. 2.2.2 short report on literature research

ref. 2.2.3 none (cp.: 5. Progress to date)

7 Next Steps

ref. 2.2.1 Because of the convergence problems further, simpler and for the calculation of

real cases therefore more suitable condensation models should be testes

ref. 2.2.2 Preparation of the experimental setup, first measurements

ref. 2.2.3 Start in mid 2006

8 Relation with other Projects

This project contributes to the CFD-network "Entwicklung und Anwendung von

CFD-Programmen für Phänomene im Kühlkreislauf von Leichtwasserreakto-

ren"

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The development of numerical models to simulate stratified flows occurring du-

ring the injection of coolant into the hot leg of a nuclear reactor in case of a LO-

CA is important for the analysis of severe incidents. Stratified flows are two-

phase flows where the lighter fluid like gas or steam is flowing above the liquid

layer. The turbulent interaction between the lighter and the liquid phase de-

pends strongly on the relative phase velocity. Existing CFD-models are imper-

fect in modelling this interaction due to the lack of knowledge of the local quan-

tities like velocity profiles, shear stresses as well as the structures existing at

the interface. The relevant parameters are planned to be determined with the

test facility WENKA at the Forschungszentrum Karlsruhe (FZK) and will be

used to develop a model for countercurrent stratified flows.

The model will be compared to experimental data of the WENKA test section

including supercritical flows (Fr>1) as well as subcritical flows (Fr<1). The tran-

sition from super- to subcritcal flow is known as hydraulic jump. In [1] a wide

range of parameters were varied to investigate the onset of liquid back flow.

The conditions for the hydraulic jump were determined. The results are summa-

rised in flow maps and should be used for testing of the numerical model.

To demonstrate the capability of this model a numerical simulation should be

performed in a real geometry of the hot leg which takes the complex phenome-

na like droplet formation and entrainment as well as back flow into account.
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2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Modification and extension of the measurement technique at the test facility to

vary the liquid and gas mass flow rate in a wide parameter range to measure

the local flow properties.

2.1.2 Development of a numerical model to simulate the interaction at the interface of

a stratified flow which can be wavy and turbulent.

2.1.3 Simulation of the different measured flow regimes with the WENKA test facility

and transformation of the achieved results to prototypical geometries of nuclear

reactors.

2.2 Program of Work

2.2.1 Modification of the WENKA test facility.

2.2.2 Simulation of stratified flows without reversed flow.

2.2.3 Accomplishment of experiments with reversed flow.

2.2.4 Development of an interaction model for stratified flows and performance of si-

mulations with reversed flow.

2.2.5 Preparation of a final report.

3 Experimental Facilities

The WENKA test facility is a rectangular channel constructed to measure coun-

ter current flow regimes in a wide parameter range.

4 Computer Codes

CFX-5

5 Progress to Date

ref. 2.2.1 The WENKA test facility was extended by a pipe system to measure the exact

back flow ratios of fluid with a magnetic inductive flowmeter (MID).

A modified and recalibrated setup for the PIV measuring device was installed to

measure the local flow quantities near the free surface.

ref. 2.2.2 Development of a phase change model to capture the sharp surface which ta-

kes the momentum exchange at the free surface into account.
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6 Results

ref. 2.2.1 The extended pipe system is working properly and measures the back flow ra-

tio within the expected tolerance.

Figure 1 shows a vector plot of the velocity field measured with the new setup

for the PIV facility using glass tracer particles.

ref. 2.2.2 First calculations show a strong transient behaviour of the phase exchange mo-

del. For supercritical flow some measurements are necessary to determine the

amplitude of the Kelvin-Helmholtz instability waves which are needed to deter-

mine the proportional factor smearing the free surface. The measurements with

fluorescent tracer particles, planned for using, should give information about

the Kelvin Helmholtz instabilities.

The liquid depth of supercritical flows are experimentally measured in the work

of Gargallo [1]. The experimental data are compared with the numerical results

to find a suitable correlation from literature for momentum transfer at the free

surface. For supercritical flows the friction factor has been adjusted to calculate

the correct liquid depth.

7 Next Steps

ref. 2.2.1 The work is planned to continued like in the application form,

ref. 2.2.2 The work is planned to continued like in the application form.

8 Relation with other Projects

CFD-Verbund

9 References

[1] Gargallo-Gallego, M.G.:

Countercurrent Flow Limitations in Horizontal Stratified Flows of Air and Water,

Dissertation Universität Stuttgart, Forschungszentrum Karlsruhe FZKA 7018,

2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne



Fig. 1: Liquid velocity field measured with PIV
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1 General Aim

In the framework of the BMWA reactor safety research program a previously

not revealed element of safety culture in high hazard organizations will be ana-

lyzed. Knowledge structures especially their effect on safety culture have been

widely disregarded so far, although their influence on action is undisputable.

The relationship between shared knowledge structures and safety culture is

studied to reveal possibilities for enhancing safety culture.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The particular objectives are equivalent to the program of work.

2.2 Program of Work

2.2.1 Specificate the emergence of socially shared knowledge structures and safety

oriented performance

2.2.2 Describe socially shared knowledge structures

2.2.3 Assessment of socially shared knowledge structures and safety related beha-

viour

2.2.4 Analyzing the relationship between knowledge structures and safety culture in

high-hazard industries

2.2.5 Possibilities for enhancing safety culture through modification of knowledge

structures

Experimental Facilities
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None.

4 Computer Codes

None.

5 Progress to Date

ref. 2.2.1 For setting up theoretical foundations and therefore describing (2.2.2) and cla-

rifying the emergence of socially shared knowledge structures (2.2.1) a litera-

ture review was done. In terms of comparing concepts and the derivation of es-

sential aspects over-all-dimensions were defined.

6 Results

ref. 2.2.1 Within the scope of the literature review, the following approaches are identified

to be valuable regarding upcoming work:

Mental Models (Gentner & Stevens, 1983; Johnson-Laird, 1990; Rouse & Mor-

ris, 1986; Tschan & Semmer, 2001) & Situation Models (Endsley, 2000)

Situation Awareness (Endsley, 1999, 2000; Endsley & Garland, 2000), Situati-

on Assessment (Waern, Garbis & Artmann, 1999) & Team Situation Awareness

(Bolstad & Endsley, 1999)

Shared mental models (Cooke, Salas, Cannon-Bowers & Stout, 2000; Klimoski

& Mohammed, 1994; Langan-Fox, Anglim & Wilson, 2004)

Transactive Memory (Austin, 2003; Lewis, 2003; Wegner, 1985)

Distributed Cognitions (Hutchins, 1990, 1994, 1995)

Common Ground (Chiu, Krauss & Lau 1998; Clark & Wilkesgibbs, 1986)

Collective mind & HRO (La Porte, 1994; Roberts & Bea, 2001; Weik & Roberts,

1993)

Communities of Practice (Andriessen & Fahlbruch, 2004; Gherardi & Nicolini,

2000; Wenger, 1988; Wenger & Snyder, 2000)

As a result of processing concepts, it became apparent, that their description

refers to different lines. Description dimensions were elicited (organizational le-

vel, degree of knowledge sharing, methods), which led to a categorization of

addressed knowledge structures (form and content) and concerned psychologi-
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cal processes. In that respect we found some overlap and also differences in

certain aspects which guide further development of our own model.

7 Next Steps

ref. 2.2.1 Subsequent to the literature review the development of a theory and the followi-

ng experimental testing is intended. The superior aim of this work results in the

assessment of those knowledge structures which play an important part regar-

ding safety-related behaviour and which are therefore an essential element of

the safety culture.

8 Relation with other Projects

New frontiers are set through developing enhanced methods. The project is ta-

king into account the results of the BMWA projects 1501255 and 1501082.

9 References

None.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The project is related to the recommendations of the evaluation commission of

the Federal Ministry of Eoconomics and Employment (BMWA) for subjects of

the nuclear safety and repository research in Germany for the years

2000-2006. It belongs to the paragraph 4.2.4. 'Reactor Physics of Light Water

Reactors' of the section 4.2. Thermal Hydraulics of Transients and Loss-

of-Coolant Accidents, Reactor Physics and Fuel Rod Behavior, Processes of

Core Damage in the Pressure Vessel'. The project is a contribution to the task

'Development of Time-Dependent Neutron Transport Codes for Transient Ana-

lyses of Reactivity Accidents'. It is intended to reduce the deficiencies of the

two-group method, the homogenization over the fuel assembly and the diffusi-

on approximation. It should reduce the existing shortcomings in the calculation

of heterogeneous cores, especially with MOX fuel. The project is a contribution

to the improvements of computer codes for the simulation of reactivity transi-

ents in paragraph 5.2.5 'Interaction between Neutron Kinetics and Thermal

Fluid Dynamics'

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Analysis of the literature on transport methods for reactor physical core calcalu-

tions.

2.1.2 Investigations of an appropriate energy group structure and generation of group

constants for an UOX/MOX system.
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2.1.3 Elaboration of a solution method for the SP3 equations in a homogenized regi-

on, which is the section of a fuel assembly or a pin cell.

2.1.4 The code DYN3D will be modified for handling more neutron energy groups. It

will be verified by comparisons with the results of other codes. The code deve-

loped in 2.1.3 will be implemented in the steady-state part of DYN3D.

2.1.5 Steady-state test calculations will be performed for published UOX/MOX

benchmarks. The obtained improvement will be shown.

2.1.6 The code will be optimized for reducing the CPU-time.

2.1.7 Extension of the computer program DYN3D for transient calculations with the

SP3-method. A benchmark calculation will be carried out.

2.2 Program of Work

2.2.1 The published papers in the field of transport methods for core calculations will

be analyzed. Conclusions will be drawn for the methods being developed for

the solution of transport equation and for the acceleration technique.

2.2.2 A typical UOX/MOX system will be calculated with HELIOS. The change of the

neutron energy spectrum at the transition from the uranium fuel assembly to

the MOX fuel assembly will be investigated for the derivation of an appropriate

group structure. Two- and multigroup libraries will be generated. The depen-

dence of the group constants on the size of the homogenized area will be in-

vestigated.

2.2.3 A numerical method for solving the equations of the SP3 approximation will be

developed and used in a computer code, which calculates the neutron fluxes in

a fule assembly section for given boundary conditions. The results will be com-

pared with other codes, for example HELIOS.

2.2.4 The computer code DYN3D will be modified for using many groups. It will be

checked by comparisons with other codes. The effect of a higher number of

energy groups will be quantified by comparisons with two-group calculations.

The code developed in 2.1.3 will be implemented in the steady-state part of

DYN3D.

2.2.5 Test calculations will be performed for benchmarks with typical UOX/MOX loa-

dings published in the literature. The achieved improvements of accuracy will

be demonstrated.

2.2.6 The CPU-time will be reduced by implementation of an appropriate acceleration
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technique in the computer code. The application of parallel computers will be

considered.

2.2.7 The new method will be extended by the time integration including the equati-

ons for the delayed neutrons. It will be implemented in the transient part of

DYN3D. The time integration will be optimized. The code will be verified with

the help of a published benchmark for a control rod ejection in a UOX/MOX

system.

3 Experimental Facilities

No facilities

4 Computer Codes

DYN3D, HELIOS

5 Progress to Date

ref. 2.2.1 Publications about the application of the Pn and SPn approximation of the

transport equation in two- or three-dimensional geometry were studied.

ref. 2.2.2 An input data set for two adjacent UOX and MOX fuel assemblies is under de-

velopment.

ref. 2.2.4 The modification of DYN3D for many groups is in progress.

6 Results

ref. 2.2.1 The higher Pn or SPn approximations improve the accuracy for configurations

where the application of the diffusion theory is doubtful. The difference between

Pn and SPn is negligible. The CPU-time of the SPn approximation compared

with the Pn method is shorter than a factor of 10 or more.

7 Next Steps

ref. 2.2.1 The study of literature will be continued,

ref. 2.2.2 According to plan.

ref. 2.2.3 According to plan.

8 Relation with other Projects
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9 References

No references

10 Degree of Availability of the Reports
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2

2.1

2.1.1

General Aim

Within the scope of the reactor safety research of BMWA the basis for the as-

sessment of the danger potential of detonations of radiolysis gas (oxihydrogen)

in nuclear power plant piping should be provided. This danger cannot be exclu-

ded in all cases. Non-controlled accumulations of radiolysis gas are to be pos-

tulated in several safety relevant, pressurized components e.g. in the head

spray cooling piping of boiling water reactors. Against this background the pi-

ping reaction caused by the detonations of radiolysis gas and its possible im-

pact on the surrounding plant internals are to be simulated experimentally and

numerically and to be investigated. Thus, information about the correlation bet-

ween the energy release by the detonation and damage of the piping as well as

the kinetic energy of separated fragments can be obtained.

Particular Objectives and Program of Work

Particular Objectives

Primarily the simulation of the detonations of radiolysis gas should be perfor-

med by detonating highly explosive powder. Depending on the type and quanti-

ty of the highly explosive powder its reaction is assumed to come close to this

of radiolysis gas. Explosives like dynamite furnish clearly higher detonation ra-

tes in comparison with highly explosive powder or radiolysis gases.

Non-welded straight pipes made of X10CrNiTi18-9 material and with the dimen-

sions of Da x t = 114,3 x 6,02 mm as well as corresponding straight pipes with

welded fittings like valves will be used. The tests using the welded fittings
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should supply information about the damage potential of e.g. larger fragments

separated by a guillotine break of the circumferential weld. For this purpose the

circumferential welds should have relatively low charpy impact energy.Tests

with catastrophically piping failure as well as tests in the range of crack initiati-

on are planned.

The correlation between the reaction of radiolysis gas and those of highly ex-

plosive powder will be given by:

- The shape and size of pipe damages (e.g. so-called multiple crack formati-

ons) due to known detonations of radiolysis gas in piping .

- Calibration tests using radiolysis gas as well as highly explosive powder in a

strengthened thick-walled pipe (tests without pipe fracture).

2.2 Program of Work

2.2.1 Assessment of the parameters for the first tentative pipe tests with propellant

charge by ballistic calculational approaches. Performance of these first tests as

a basis for the pre-tests to select the highly explosive powder in cooperation

with Rheinmetall W&M GmbH.

Performance of pre-tests with different highly explosive powders and charge

quantities with the aim of realizing multiple crack formations.

2.2.2 Calibration tests with oxihydrogen in a special thick-walled pipe (tests without

pipe fracture).

Calibration tests with propellant charge in the same thick-walled pipe (tests wi-

thout pipe fracture).

2.2.3 Adjustment of the FZK computer programs to oxihydrogen detonations on pi-

pes with an operational pressure of 70 bar and a nominal diameter of 100 mm

on the basis of the test results of position 2.2.2.

Exemplary parameter studies for some defined oxihydrogen detonations on the

relevant pipes.

2.2.4 Performance of defined tests with highly explosive powder on the basis of balli-

stic pre-calculations and the results of the pre-tests. These tests will be carried

out with an extensive instrumentation to measure pipe pressures, strains, crack

opening velocities and the velocity of separated pipe fragments.

2.2.5 Metallographic and fractographic investigations on the tested pipes.

2.2.6 Small scale specimen testing and determination of dynamic material laws for
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the numerical analysis.

2.2.7 Numerical calculations for the structure mechanical description of the highly dy-

namic pipe loading due to the oxihydrogen detonations or the detonations of

the propellant charge respectively.

2.2.8 Performance of test weldings with low charpy impact energy of the austenitic

weld metal.

Manufacturing of a corresponding pipe weld for sampling small scale fracture

mechanics specimen.

Determination of dynamic fracture mechanics material property values.

2.2.9 Performance of tests on straight pipes prepared with welded pipe fittings

(valves). The objective of these tests is the investigation of the danger potential

in case of a guillotine break of the circumferential weld of a pipe fitting.

3 Experimental Facilities

A nearly complete test equipment for the calibration tests with oxihydrogen at

the Research Center Karlsruhe (FZK).

Underground test pit of the Matarialprüfungsanstalt University of Stuttgart for

the pipe tests with propellant charge.

Test rig for the pipe tests with propellant charge (to be manufactured within the

scope of the research project).

4 Computer Codes

Dynamic pipe calculations: ABAQUS, LS-DYNA

Ballistic calculations: Calculational programs of Rheinmetall W&M GmbH

Calculation of oxihydrogen detonations: Calculational programs of the Rese-

arch Center Karlsruhe (FZK).

5 Progress to Date

ref. 2.2.1 The manufacturing of the test rig needed for the pipe tests with propellant char-

ge is nearly finished.

The first four test pipes with a length of 6 m each were procured.

The powder which will be used for the first tentative tests is available.

ref. 2.2.2 The thick-walled pipe was procured.
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The high speed data aquisition cards and personal computers for recording the

explosive reactions were procured.

6 Results

ref. 2.2.1 There are no scientific results up to now.

ref. 2.2.2 There are no scientific results up to now.

7 Next Steps

ref. 2.2.1 Assessment of the ballistic parameters of the first tentative tests by an ballistic

engineering approach.

Performance of the first tentative tests with propellant charge.

Coordination of the cooperation with Rheimetall W&M GmbH with the objective

to select the appropriate highly explosive powders and the test parameters for

the pipe pre-tests with propellant charge.

ref. 2.2.2 Conception and mechanical preparation of the strengthening of the thick-walled

pipe and its high pressure closure plugs for the calibration tests with oxihydo-

gen and the following tests with propellant charge.

Mechanical preparation of the pipe for the application of the pressure sensors.

Order of the pressure sensors.

Instrumentation of the pipe with strain gages.

Set up and testing of the high speed measuring technology.

Coordination of the cooperation with the Research Center Karlsruhe (FZK), In-

stitute for Nuclear and Energy Technology, with the objective to prepare and

perform the pipe tests with oxihydrogen at the Research Center Karlsruhe.

8 Relation with other Projects

None

9 References

None

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

01.1.6
Förderkennzeichen / Project Number

1501298
Vorhaben / Project Title

Usage of the small-punch-test to characterize brittle fracture behavior of irradiated reactor ma-
terials

Anwendung des Small-Punch-Tests zur Charakterisierung des Sprödbruchverhaltens bestrahl-
ter Reaktorwerkstoffe
Arbeitsbeginn / Initiated

01.12.2004

Arbeitsende / Completed

30.11.2006
Berichtsdatum / Last Updating

19.01.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Technische Universität Bergakademie Frei-
berg - Institut für Mechanik und Fluiddynamik
Leiter des Vorhabens /Project Leader

Kuna, Meinhard, Prof. Dr.
E-mail Adresse des Leiters des Vorhabens

Meinhard.Kuna@imfd.tu-freiberg.de

General Aim

To maintain the high safety standard of existing nuclear power plants with in-

creasing age, the development of assessment methods based on the characte-

rization of the actual material state is required by means of improved testing

methods. A minimal invasive sampling and testing of miniaturizes specimens is

especially advantageous for materials characterization. Therefore, a new tes-

ting technique - the small-punch-test - is used to determine relevant material

data for strength and toughness from irradiated reactor steels.

The aim of the project is to qualify the small-punch-test as a miniaturized tes-

ting specimen in order to obtain elastoplastic and fracture mechanical material

data, whereby the brittle-ductile transition region is of special interest. Due to

the very tiny specimen size, material rests of current surveillance programs can

be used, yielding a valuable completion to standard testing methods.

The achieved results will contribute to the progress in characterizing the actual

material state of nuclear plants and in assessing the safety of components.

Their utilization can be of interest for other research institutes and regulatory

authorities in nuclear technology as well.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The aim of the project is to qualify the small-punch-test as a miniaturized tes-

ting specimen in order to obtain material data from irradiated reactor steels.
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Hereby, especially the material properties in the brittle-ductile transition region

will be investigated.

2.1.2 Determination of the true yield curve and the parameters of micromechanical

damage models as function of temperature and irradiation dose from the force-

displacement-curve of the small-punch-test.

2.1.3 Verification of the material parameters, gained from the small-punch-test, by re-

sults of conventional standard tests.

Correlation of the small-punch-test results with the fracture mechanics concept

of the Master Curve.

2.2 Program of Work

2.2.1 Set-up of the small-punch-test device in hot cells (FZR).

2.2.2 Identification of material parameters by numerical simulation of the small-

punch-test (BAF).

2.2.3 Determination of material data in the brittle-ductile transition regime by means

of the small-punch-test.

- Identification of yield stress and yield curve (BAF)

- Identification of WEIBULL-parameters from the small-punch-test (BAF)

- Selection of materials and performance of the small-punch-test in hot cells

(FZR).

- Comparison of the results with standard testing methods (FZR).

3 Experimental Facilities

FZR: Hot cells with servohydraulic testing system MTS 810/50kN and tempera-

ture chamber from +300 to -150°C.

BAF: Workstation-Cluster

4 Computer Codes

BAF: Finite-Element-Code ABAQUS

BAF: Stuttgarter Neuronale Netze System SNNS

5 Progress to Date

ref. 2.2.1 - Numerical simulation to optimize the experimental set-up (BAF)

- Design of a small-punch-test device for tests under low temperatures (FZR)



2004 1501298 3 /3

ref. 2.2.2 project just started, 12/2004

ref. 2.2.3 not started

6 Results

ref. 2.2.1 none, project just started 12/2004

7 Next Steps

ref. 2.2.1 Development of a technology to prepare small-punch-specimens from rests re-

maining from Charpy-specimens (10x10x55 mm). To cut off quadratic cross

sections of 10 mm x 10 mm with a thickness of about 0.5 mm, a wire eroding

machine will be used inside the hot cell.

8 Relation with other Projects

none

9 References

ABENDROTH, M., KUNA, M.:

Determination of deformation and failure properties of ductile materials by

means of the small-punch test and neural networks,

Computational Materials Science 28/3-4 (2003) 633-644

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Berichtszeitraum / Period

2004
Klassifikation / Classification

03.
Förderkennzeichen / Project Number

1501299
Vorhaben / Project Title

Development of models on corium behavior in the lower plenum of the reactor pressure vessel
for integration in ATHLET-CD: Influence of the accident development on coolability and condi-
tions at RPV failure

Modell-Entwicklung zum Verhalten von Kernschmelze im unteren Plenum des Reaktordruck-
behälters für den Einbau in ATHLET-CD: Einfluss des Unfallablaufs auf die Kühlbarkeit und
Zustände bei einem RDB-Versagen
Arbeitsbeginn / Initiated

01.10.2004

Arbeitsende / Completed

31.03.2008
Berichtsdatum / Last Updating

27.01.2005

Fördernde Institution / Sponsor

BMWA

Land / Couniry

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Universität Stuttgart - Institut für Kernenerge-
tik und Energiesysteme (IKE)
Leiter des Vorhabens /Project Leader

Bürger, Manfred
E-mail Adresse des Leiters des Vorhabens

buerger® ike.uni-stuttgart.de

General Aim

The code system ATHLET/ATHLET-CD is being developed in the frame of the

reactor safety research of the BMWA within the major research area analysis of

transients and accident sequences. It serves for the simulation of transients,

design-base and severe accidents in safety analyses for light water reactors.

The development of the KESS models for description of core melt processes

and of melt behaviour in the reactor pressure vessel (RPV) during severe acci-

dents in light water reactors and their integration in ATHLET-CD shall be conti-

nued. The general aim is the extension of ATHLET-CD as a comprehensive

tool for the simulation and analysis of severe accidents with core degradation

up to the failure of the RPV, which enables analyses and assessment of coo-

ling options, retention of melt in the RPV as well as retention of fission products

by means of accident management measures (e.g. water injection into the pri-

mary circuit) with respect to temporal progression and consequences. Further

aim of the works is the verification especially related to the further development

of the late phase models VECO (Vessel Coolability) and MEWA (Melt and Wa-

ter # combination of MESOCO and WABE) on the basis of experiments, among

others the facilities PHEBUS (CEA), FARO (JRC Ispra), LIVE (FZK) and STYX

(VTT Finland). The checking of the concepts and models shall also increasingly

be carried out in an international context.
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The development work will be utilised in the frame of applications of ATHLET-

CD for investigations on plant safety and for analysis of severe accidents in

nuclear power stations.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 A major point in the present project is the completion of the VECO (Vessel

Coolability) model for melt behaviour and coolability in the lower plenum of the

RPV and its integration in ATHLET-CD. VECO combines the description of jet

fragmentation, debris bed formation and debris behaviour included in the mo-

dule IKEJET/IKEMIX with the description of melt behaviour in the module ME-

SOCO (Melting and Solidification of Core Material) and enables hereby the

continued simulation of melting with simultaneous consideration of the effects

of water up to a possible transition to a melt pool in the lower plenum. The indi-

vidual models in VECO shall be further developed and checked. By coupling to

the AIDA model developed by GRS (Analysis of the Interaction between Core

Debris and RPV in the course of Severe Accident) the description of RPV be-

haviour up to a possible failure shall be included. Further major points are the

revision and further extension of the model MEWA (combination of the models

MESOCO and WABE (Water Bed)) for the description of evaporation, melting,

re-freezing, formation of large-scale blockages, crusts as well as melt pools in

the core region and the potential of cooling by flooding. By revision of the fluid

dynamic coupling between the late phase models under development and the

thermal-hydraulics of ATHLET-CD a more stable and physically assured perfor-

mance of the numerical solution shall be achieved over a sufficient spectrum of

conditions. The verification work is oriented at the capability of extrapolation to

reactor conditions. The models for the core are to be checked especially on the

basis of PHEBUS experiments, the MP-2 test as well as the TMI-2 accident,

the behaviour of particulate debris in the core and the lower plenum on the ba-

sis of experiments particularly in the facilities STYX and DEBRIS, melt frag-

mentation and debris bed formation on the basis of FARO experiments, melt

pool formation in the lower plenum and later the integral behaviour including
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core failure and interaction with water on the basis of experiments in the LIVE

facility (FZK).

2.2 Program of Work

2.2.1 Integration of VECO in ATHLET-CD.

2.2.2 Physical revision and further development of VECO.

2.2.3 Complements and optimisations for the integration of MEWA in ATHLET-CD for

the core region.

2.2.4 Revision of the fluid-dynamic coupling.

2.2.5 Verification related to development: melt behaviour in the core, interaction with

water.

2.2.6 Documentation.

3 Experimental Facilities

None.

4 Computer Codes

KESS-III (core melt code system of IKE), ATHLET-CD (system code of GRS).

5 Progress to Date

ref. 2.2.1 The coupling work between IKEJET/IKEMIX, which could not be completed in

the previous project, was continued. The thermal hydraulic description of parti-

culate debris beds included in IKEMIX was revised to unify the description with

that of WABE. For this, comparison calculations have been carried out on boil-

off of water filled debris beds as well as on quenching of hot dry debris beds.

ref. 2.2.3 Work has been performed on the extension of the modelling of the thermal be-

haviour of melt pools within MESOCO. This concerns especially extensions of

the separate melt pool model as well as its integration in MESOCO. The detec-

tion of the boundaries of the melt pool from the quasi-continuum representation

in MESOCO was improved. The description of heat fluxes exchanged between

pool and boundaries was checked for consistency and was extended with re-

spect to heat removal from the pool surface (radiation through void region abo-

ve). Extensions for improved description of closed crusts carrying melt accumu-

lations have been started. Such crusts are captured up to now only within the
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frame of the quasi-continuum representation, i.e. only if a mesh of the numeri-

cal grid contains practically just solid. Thus, the crust thickness cannot be smal-

ler than the mesh width and thereby depends on a possibly too coarse discreti-

sation, especially in reactor calculations where due to the high computational

effort compromises have to be made with respect to resolution. This shall be

improved by the calculation of the crust thickness from a separate energy ba-

lance.

ref. 2.2.5 For checking of the latest MEWA version implemented in ATHLET-CD calcula-

tions on the experiments PHEBUS FPT1 and FPT4 have been resumed.

6 Results

ref. 2.2.1 The work on coupling of MESOCO and IKEMIX is not yet completed. The com-

parison calculations on debris bed behaviour show that the unification of the

modelling in WABE and IKEMIX has been largely achieved.

ref. 2.2.3 The work is not yet completed.

ref. 2.2.5 The results from earlier calculations could be largely reproduced also with the

new MEWA version included in ATHLET-CD.

7 Next Steps

ref. 2.2.1 The work to build a first complete model of VECO by coupling of IKEMIX and

MESOCO shall be concluded. The operation capability shall be assured by

means of extensive test calculations. In this connection also work on the optimi-

sation of the calculation process shall be performed. The integration of VECO

in ATHLET-CD shall be started.

ref. 2.2.3 The revisions of MEWA shall be continued. The extensions of the melt pool

model shall be completed. Further revisions shall be carried out based on re-

sults of the verification calculations.

ref. 2.2.5 The verification calculations on PHEBUS FPT4 and FPT1 shall be continued. In

this context especially the revisions in MESOCO have to be checked. Additio-

nally, first calculations on the experiment PHEBUS FPT3 shall be started.

8 Relation with other Projects

RS 1081, RS 1002, RS 1126, RS 1129, 1501069, 1501011, 1501241,
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1501254, 1501266, 1501276, 1501279.

9 References

None.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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2

2.1

2.1.1

General Aim

Within the BMWA's research on reactor safety, with the focus on "Transient

analysis and accident sequences", computer codes for the analysis of incidents

and accidents are being developed to describe the behaviour of the entire reac-

tor plant, from reactor core to containment, in one single simulation. Among

these is the ASTEC code that is currently being developed further by GRS to-

gether with its French Partner IPSN.

On the other hand, codes are also under development which describe the be-

haviour of individual parts of the reactor plant in a mostly far more detailed way,

such as the behaviour of the containment and its structures. In this context,

GRS developed the Containment Code System COCOSYS, which is being

used internationally by a large number of institutions.

Both codes are very well-suited for application to the experiments of the PHE-

BUS-FP series. The work intended to be performed by GRS to widen the expe-

rience in connection with the application of the codes is 50 % co-financed by

the EU.

Particular Objectives and Program of Work

Particular Objectives

With the French PHEBUS-FB experiments tests are performed for the first time

that comprise a complete accident sequence, starting from core degradation

and continuing with the flow of part of the core inventory through the primary
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system and via the leak into the containment vessel. In this connection, apart

from thermal-hydraulic processes, aerosol- and fission product behaviour are

also measured.

The simulation and calculation of the processes developing in the respective

PHEBUS experiments, as e. g. the behaviour of the fuel bundle, the cooling cir-

cuits or the containment and its atmosphere, by means of specially developed

computer codes makes it possible to check the accuracy and reliability of the

calculation results by comparing them with the measured data of this experi-

ment. If the measured plant behaviour of a large number of experiments is re-

produced successfully, the code could be used for pre-calculations concerning

the accidental behaviour of real reactor plants. This is what is hoped the me-

chanistic detail codes, such as COCOSYS, on the one hand and codes model-

ling overall plant behaviour, such as ASTEC, on the other hand will be able to

achieve.

It is planned to repeat the first analyses that have already been performed for

the FPT1 experiment in a more refined way with the ASTEC and COCOSYS

codes.

In this context, three work packages can be specified, comprising the following

activities:

2.2 Program of Work

2.2.1 Performance of a refined integral ASTEC analysis of the FPT1 experiment.

2.2.2 Performance of a refined COCOSYS analysis of the thermal-hydraulics and ae-

rosol behaviour during the FPT1 experiment in the PHEBUS model contain-

ment.

2.2.3 Performance of a first orientation analysis of the containment with COCOSYS

concerning thermal-hydraulics and aerosol behaviour of the FPT2 experiment.

2.2.4 Furthermore, it is intended that GRS will co-ordinate the activities of the wor-

king group 'Validation of integral codes' within the framework of the above-

mentioned EU project.

2.2.5 Final report

2.2.6 Final activities.

3 Experimental Facilities
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PHEBUS-FP experimental facility at Cadarache, France

4 Computer Codes

The ASTEC (Accident Source Term Evaluation Code) integral code has been

under development by GRS and its French partner IPSN (Institut de Protection

et de Sürete Nucleaire) since 1994. The aim of this development is the creation

of a fast-running integral code which allows the analysis of entire sequences of

severe accidents in a light water reactor plant in acceptable calculation time.

Here, all essential 'in-vessel' and 'ex-vessel' phenomena are to be considered.

The main focus in this context is on the use of the code within the framework of

Level-2 PSA analyses, accident sequence analyses, and uncertainty and sensi-

tivity analyses.

The Containment code system COCOSYS is being developed by GRS in order

to obtain a computer code on the basis of mechanistic models that is as reali-

stic as possible. It is to model all important phenomena that are relevant in an

LWR containment during an accident sequence, but the code is also to allow

the analysis of DBAs (Design Basis Accidents). Important groups of phenome-

na are: thermal hydraulics, hydrogen combustion, fission product and aerosol

behaviour, and melt/concrete interactions, with their feedback on each other al-

so being analysed very carefully and considered in the modelling.

Within the framework of preliminary activities, partly sponsored with funds pro-

vided by the European Commission, COCOSYS and ASTEC calculations were

performed for the PHEBUS experiments FPTO and FPT1, thereby demonstra-

ting the general feasibility of calculations with these codes. The detailing phase

that is now beginning is also to strengthen, refine and back up the knowledge

base.

5 Progress to Date

ref. 2.2.3 The results of the COCOSYS-calculation on the PHEBUS-FPT2-experiment

with a rather detailed nodalisation have been presented at the PHEBUS-mee-

ting in Bergen/NL in March 2004.

ref. 2.2.6 Only limited final work was necessary in the late phase. The final project report
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/LAH 04/ has been completed. Here the ASTEC V0.4-calculation on the beha-

viour of the integral plant for the FPT1 -experiment is as well documented as the

two COCOSYS-calculations on the containment behaviour for the FPT1- and

the FPT2-experiment.

Additionally work was necessary for the documentation of PHEBEN2 within the

European project. Remarkable effort was necessary for the topic Workpackage

3. Here the broad band of experience and recommendations for the use of inte-

gral codes for real reactors has been written down. This documentation is still

in the editorial process. The GRS-contribution relating to aerosol behaviour in

the containment is separately documented in /LAH 04/.

6 Results

ref. 2.2.3 As for the older calculation for the FPT1-experiment the calculation for the

FPT2-experiment in this period obtained thermohydraulic results which agree

rather well with experimental data. But the comparison of the agreement obtai-

ned with a 10-nodes-model with the results of this new FPT2-calculation (146

nodes) shows only a rather small further improvement. This prooves that a too

detailed nodalisation will not always cause results closer to experimental data.

The aerosol-results are only preliminary, as aerosol data from the

FPT2-measurements as injection rate, airborne aerosol concentration etc. have

not been published by IRSN until now.

ref. 2.2.6 Additionally to the documentation of the ASTEC- and COCOSYS-calculations

on the mentioned PHEBUS-experiments and to the chapter on aerosol beha-

viour within workpackage 3 the final report /LAH 04/ contains balancing conclu-

sions on the GRS-coordination of Workpackage 1: "Application of Integral Co-

des".

7 Next Steps

ref. 2.2.6 The project came to the intended end in August 2004.

8 Relation with other Projects

RS1120, RS1099
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9 References

/LAH 04/J.Langhans, K. Neu

Validierung von Rechenprogrammen zur Analyse schwerer Störfälle in Reakto-

ranlagen anhand von PHEBUS-FP (PHEBEN2) (Abschlussbericht)

Bericht GRS-A-3224

September 2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Continued development of the computer code system
ATHLET / ATHLET-CD
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E-mail Adresse des Leiters des Vorhabens

Klaus.Trambauer@grs.de

2

2.1

2.1.1

General Aim

In the framework of the BMWA sponsored reactor safety research, research

area "Analyses of transients and course of accidents", the computer code sys-

tem ATHLET/ATHLET-CD is to be further developed as an analysis tool for the

simulation of accidents in nuclear power plants with pressurised water and boi-

ling water reactors as well as for the evaluation of accident management proce-

dures. The objectives are to provide a computer code system with largely me-

chanistic models for the most realistic simulations possible (best estimate). The

code system should include comprehensive and verified models for the proces-

ses and operating sequences in the reactor pressure vessel and the coolant

system. The results should be highly reliable for the simulation of transients

and accidents, and should be sufficiently accurate for the simulation of severe

accidents with core degradation. The calculations should be performed with

high computing speed and reliable robustness.

Particular Objectives and Program of Work

Particular Objectives

The working plan provides for the completion, extension, and optimisation of

models for thermal-hydraulics and two-phase flow, for core heat-up, core da-

mage, core degradation, and core retention in the reactor pressure vessel, as

well as for fission product and aerosol release from the fuel and their transport

in the reactor cooling system. In addition the code documentation will be upda-
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ted continuously and supplemented.

2.2 Program of Work

2.2.1 Modeling of thermo-fluiddynamics.

2.2.2 Modeling of core degradation.

2.2.3 Modeling of molten core retention in the reactor pressure vessel.

2.2.4 Modeling of fission product and aerosol behaviour.

2.2.5 Quality management and optimisation of the code system.

2.2.6 Final report

3 Experimental Facilities

none

4 Computer Codes

ATHLET

ATHLET-CD

5 Progress to Date

ref. 2.2.1 The further development of the dynamic evolution of the interracial area has be-

en extended for annular and droplet flow regime. With this, the coalescence,

turbulent fragmentation, entrainment out of the water film, and the deposition of

droplets are considered for the source term in the transport equation. The mo-

del has been assessed by means of experiments with vertical air-water flow in

pipes with small diameters (1 to 5 cm). Calculation results of water layer thick-

ness and droplet diameter has been compared with measured data.

The intensive application and validation of ATHLET yield indications for the im-

provement of models and program handling. Based on detailed post test analy-

ses of PKL III E2.2, the modeling of the bubble rising at the mixture level has

been enhanced. To reduce numerical oscillations due to film condensation, the

fast changes of the surface temperature has been damped down by a time lag.

The initial steady state solution has been extended to allow the hydraulic coup-

ling of different thermo fluid systems.

ref. 2.2.2 The fuel rod and relocation models have been extended and assessed, particu-

lary the energy balance, heat transfer by radiation, and axial conduction in zo-



2004 RS 1126 3 / 5

nes with melt and crusts. The corresponding upgrading of the BWR compon-

ents (canister wall and absorber element) has been commenced. The develop-

ment and verification of the boron carbide oxidation and dissolution models ha-

ve been completed.

ref. 2.2.4 The FIPREM model for aerosol release of absorber material (silver, indium,

cadmium) has been upgraded under consideration of the specific partial pres-

sure. The new correlations have been verified by means of various bundle tests

(PBF SFD, Phebus).

The implementation of the new version (V 2.0) of the fission product transport

module SOPHAEROS has been completed.

ref. 2.2.5 Based on user experience code updates has been performed. This work con-

cerned the coupling of heat conduction objects with thermo fluid objects, the in-

terface to the plant analyser ATLAS and the graphic module. At the end of the

project, the new ATHLET / ATHLET-CD version 2.0 cycle A with updated code

documentation was released.

ref. 2.2.6 The final report of the project was published [1].

6 Results

ref. 2.2.1 The assessment of the model for the dynamic evolution of the interfacial area

indicated that the flow regime of annular and droplet flow cannot be described

sufficiently by the current modelling of phase velocities. It should be verified,

whether additional field equations are necessary to improve the modelling.

In the post test calculation of PKL III E2.2, the simulation of the pressurizer be-

haviour was significantly improved with the advanced model for the bubble ri-

sing at the mixture level. The damping of the surface temperature during film

condensation yields larger time steps and increased computing speed. The ex-

tended steady state solution allows the simulation of multiple steam generators

which are connected with one feed water collector. With this, the range of appli-

cations of the code has been extended. Further numerous updates yield to im-

proved stability and robustness.

ref. 2.2.2 The revised relocation model yields a better axial mass distribution for the

Phebus post test calculations and significantly higher melt masses in the TMI-2

analysis, which is in better agreement with the post accident examinations than
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the earlier calculation results. On the other hand the higher melt accumulation

results in a too advanced melt progression into lower core regions. This indica-

tes the need of detailed assessment of the heat flow from corium to the coolant

and of the flow distribution in the core region. With the enhanced boron carbide

oxidation and dissolution models, the timing of the absorber rod failure was bet-

ter simulated than with the temperature criterion as used in earlier calculations.

ref. 2.2.4 The improved release model of absorber material shows good agreement for

tests with low pressure (Phebus) as well as for elevated pressure (PBF SFD).

First assessment calculations with SOPHAEROS show plausible results but al-

so some limitations regarding the simulation of reverse flow and the chemical

reaction kinetics.

ref. 2.2.5 The range of application of ATHLET and ATHLET-CD has been considerably

extended with the new versions. Also the computing speed and the robustness

have been improved. ATHLET fulfils with the extended and updated documen-

tation the requirements for the code certification. ATHLET-CD is now able to si-

mulate accidents with extensively degraded core in pressurised water reactors.

With this, a well-founded basis has been established to extend the models for

boiling water reactors and to implement models for the late phase of core de-

gradation and vessel failure.

7 Next Steps

ref. 2.2.6 The project has been completed.

8 Relation with other Projects

RS 1124, RS 1128, RS 1129, RS 1134, RS 1155, RS 1142, RS 1145, RS

1151, 1501225, 1501227, 1501241, 1501254, 1501265, 1501279.

9 References

[1] K. Trambauer, H. Austregesilo, C. Bals, F. Cester, H. Deitenbeck, A. Hora,

G. Lerchl, J-D. Schubert, T. Voggenberger,

Weiterentwicklung des Rechenprogrammsystems ATHLET/ATHLET-CD,

Abschlussbericht, Juli 2004, GRS-A-3215
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2

2.1

2.1.1

General Aim

Aim of the planned works is the further development of the analysis methods

for the estimation of the structure reliability of welds in pipes with defects. One

of the basis elements for the works is the existing American probabilistic com-

puter program PRAISE (Piping Reliability Analysis Including Seismic Events).

The available crack distributions for fracture mechanics analyses are to be fur-

ther developed, especially concerning the consideration of cracks due to opera-

tion than due to manufacturing. For it the available results of material characte-

risation programs on reactor steels in German nuclear power plants as well as

the operation experience which demonstrate the safety level in German reac-

tors are to be used. Furthermore, in the framework of the further development

uncertainties in knowledge are to be considered within the estimation of proba-

bility distributions of certain input parameters. Finally the level of verification of

the further developed analysis tool is to be investigated.

Particular Objectives and Program of Work

Particular Objectives

With the further developed analysis methodology extended by probabilistic mo-

dules it is to be possible to estimate the structure reliability of pipe components

in connection with the deterministic structure mechanics analysis chain of GRS.

In this connection estimation methods for the generation of probability distributi-

ons of model parameters are to be used. The consistency of the results is to be
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checked especially in cases when the number of comparable pipe components

is relatively small due to the multitude of different types of pipe components.

With the methodology to be developed a quantification of the structure reliability

of a pipe component should be possible in connection with well qualified analy-

sis models to simulate the structure mechanics behaviour of the component

loaded by normal operation and accident conditions, with results of relevant ex-

periments, with operational experience and with expert opinions.

2.2 Program of Work

2.2.1 Investigation of the models and assumptions in the PRAISE-code concerning

the further development in the framework of the code application on two ex-

amples of damage collectives from the operation experience of German nucle-

ar power plants.

2.2.2 Identification of uncertain input parameters in structure mechanics analysis mo-

dels of pipe components (welds in straight pipes, elbows and nozzles) and deri-

vation of Bayesian methods for generation of subjective probability distributi-

ons.

2.2.3 Generation of analysis models for selected pipe components (welds in straight

pipe, elbow and nozzle) including postulated accident loading.

2.2.4 Adaptation of an available analysis tool to generate combinations of input para-

meters for the simulation analyses to be carried out with the structure mecha-

nics code.

2.2.5 Further development of options to determine probabilities of crack formation

during the operation of selected pipe components with consideration of different

damage mechanisms.

2.2.6 Further development of possibilities to consider the results of safety checks in

the models for the determination of the structure reliability of pipe components.

2.2.7 Development of an option to classify initial cracks (procedure of importance

sampling)

2.2.8 Development of an evaluation procedure for the results of simulation analyses.

2.2.9 Carrying out exemplary probabilistic analyses of the structure reliability of se-

lected pipe components (welds in straight pipe, elbow and nozzle).

2.2.10 Documentation of the results.
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3 Experimental Facilities

none

4 Computer Codes

For finite-element model generation, calculations and post-processing of the re-

sults the GRS analysis chain based on the finite-element program ADINA and

the pre- and post-processing programs PATRAN, ADINA-IN /-PLOT are used

on a workstation cluster.

5 Progress to Date

ref. 2.2.10 The final report was prepared /GRE 04/. Further the developed analysis me-

thod was presented and discussed at the 30th MPA-Seminar/SCH 04/.

6 Results

ref. 2.2.10 The Project included the task of starting on the development of the probabilistic

analysis tool PROST (Probabilistische Strukturberechung - probabilistic structu-

ral calculation). This code, which is initially limited to modelling pipe sections

and the 'fatigue1 damage mechanism, allows the calculation of leak and break

probabilities for various pipe geometries, load assumptions and crack distributi-

ons. First steps have been taken to qualify the code's performance. In this con-

text, comparative analyses were carried out with a version of the USNRC's

PRAISE (Piping Reliability Analysis Including Seismic Events) code that has

been extended by certain additional features as part of the project. Regarding

the damage mechanism of 'thermal fatigue', exem-plary probabilistic analyses

and parameter studies were carried out for a piping section of the volumentric

control system of a pressurised water reactor, which is subjected not only to

start-up and cooldown loads but also to loads resulting from thermal stratifica-ti-

on. For the uncertain material and geometry data as well as for the load para-

meters, corresponding distribution functions were used. The calculated fatigue-

induced leak and break probabilities of the assumed cracks show a high de-

gree of dependence on changes in the assumptions concerning crack depth

distribution, especially the distribu-tion in the area of deep cracks. It turned out
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in an uncertainty and sensitivity analysis that the temperature difference for the

characterisation of the load resulting from thermal stratification, the crack grow-

th constant and the wall thickness are the relevant parameters influencing leak

probability. First comparisons of the results obtained with PROST and the ex-

tended PRAISE code concerning a load case from the benchmark in connecti-

on with the EU's NURBIM project show that the time-dependent distributions of

the leak probabilities are in good agreement (difference of about half the power

of ten).

For the damage mechanism of stress corrosion cracking, the corrosion model

in PRAISE derived for US steels was adapted to German austenitic steels.

Apart from the possibility to change the degree of sensitisation, an option was

added to change the crack growth rate. As an example, a weld seam in an aus-

tenitic piping section of the type "reactor water clean-up system' was analysed

under boundary conditions typical of a boiling water reactor. The results show

that uncertainties in the definition of the crack growth rate characterising the

material have a big influence on the calculated leak probability. The influence of

changes in the sensitisation parameters, on the other hand, is negligible.

Finally, a method of using the operating experience with German plants was

developed to derive distributions of crack initiation times and initial crack lengt-

hs for the damage mechanism of 'stress corrosion cracking'. For this purpose,

the documentation of cracks found in piping made of titanium-stabilised auste-

nitic steel 1.4541 during weld seam inspections in German BWR plants was

evaluated. Taking the cracks found at a certain point in operating time, initial

crack length and crack initiation time distributions were determined by back-

calculation, applying an average crack growth rate.

In all, the work shows that the PROST (Probabilistische Strukturberechung -

probabilistic structural calculation) code developed as part of the project provi-

des a flexible probabilistic analysis tool. Furthermore, the PRAISE code that

was extended as part of the project provides an analysis tool that can be used

for reference calculations.

' Next Steps
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8 Relation with other Projects

RS 1136: Nuclear Risk Based Inspection Methodology for Passive Compon-

ents (NURBIM)

9 References

/GRE 04/ H. Grebner, T. Schimpfke, J. Peschke, J. Sievers: Weiterentwicklung

einer Analysemethodik zur Bestimmung der Strukturzuverlässigkeit von passi-

ven Komponenten, Abschlussbericht GRS-A-3236, November 2004

/SCH 04/ T. Schimpfke, H. Grebner, J. Sievers: Analysis Methods for Structure

Reliability of Piping Components, Tagungsband des 30. MPA-Seminars, Stutt-

gart, Oktober 2004
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GRS, Research Management Division, Cologne



2004 RS 1128 /5

Berichtszeitraum / Period

2004
Klassifikation / Classification

02.2
Förderkennzeichen / Project Number

RS1128
Vorhaben / Project Title

Neutron transport methods for the nuclear design and the analysis of reactivity initiated acci-
dents

Weiterentwicklung von Neutronentransportmodellen für Anwendungen in der nuklearen Ker-
nauslegung und die Analyse von Reaktivitätsstörfällen
Arbeitsbeginn / Initiated

01.01.2001

Arbeitsende / Completed

31.10.2004
Berichtsdatum / Last Updating

27.04.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Gesellschaft für Anlagen- und Reaktorsicher-
heit (GRS) mbH
Leiter des Vorhabens /Project Leader

Langenbuch, Siegfried, Dr.
E-mail Adresse des Leiters des Vorhabens

Siegfried.Langenbuch@grs.de

1 General Aim

An objective of the BMWA reactor safety research is the improvement of simu-

lation methods. This project investigates the neutron transport methods for the

application in nuclear design and the analysis of reactivity initiated accidents.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The objective is the adaptation and development of deterministic neutron trans-

port codes for nuclear design calculations and the analysis of reactivity initiated

accidents. In addition, the accuracy of available coarse mesh methods solving

neutron diffusion equations with two energy groups will be reviewed.

2.2 Program of Work

2.2.1 Evaluation of the accuracy of diffusion and neutron transport methods for hete-

rogeneous fuel lattices.

2.2.2 Investigation of the effect of fuel assembly homogenization.

2.2.3 Review and evaluation of methods and codes solving the neutron transport

equations.

2.2.4 Adaptation of a neutron transport code for time-dependent calculations.

2.2.5 Application of the code for static and transient core calculations.

2.2.6 Final report.

3 Experimental Facilities
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None.

4 Computer Codes

DOORS (DORT, TORT), DANTSYS (TWODANT, THREEDANT), MCNP, KE-

NO, SCALE, QUABOX/CUBBOX

5 Progress to Date

ref. 2.2.1 The international benchmark problem C5G7 IM for the pin-wise calculation of a

2 x 2 arrangement of Uranium- and MOX-fuel assemblies was extended for 3D

geometry. The new specification 121 defines three configurations: without inser-

ted control rods, "Rodded A" with 1/3 inserted control rods in the Uranium as-

sembly and #Rodded B# with 2/3 inserted control rods in Uranium and 1/3 in-

serted control rods in MOX assembly. The own calculations were performed by

the 3D SN-code TORT. The model set-up for TORT represented each fuel rod

with spatial meshes up to 7 x 7 and the SN order was varied from S4, to S16.

An axial mesh with 3,57 cm was chosen. The number of mesh points was

about 1,5 million. The results obtained are the eigenvalue and the fission rate

for each fuel rod. The results were presented in two conference papers /3, Al.

The critical experiments VENUS-1 and VENUS-2 have been calculated by the

2D and 3D neutron transport codes TWODANT respectively THREEDANT. For

comparison, results are available from MCNP calculations with JEF-2.2 point

data. For the TWODANT/THREEDANT calculations nuclear data for 18 energy

groups were derived from a 292 energy group library on the basis of JEF-2.2.

The fuel cells and absorber cells were homogenized and energy collapsed by

one-dimensional cell calculations. For 2D geometry the axial buckling was used

to adjust the effective absorption. For the 2D VENUS-2 configuration the effect

of using various numbers of energy groups in the range of 60 to 5 was studied

for the multiplication factor and the pin-wise fission rate distribution.

The results obtained for the heterogeneous benchmark configurations and the

critical experiments KRITZ-2, VENUS-1 and -2 have been fully documented in

a report 151.

ref. 2.2.4 The 3D SN neutron transport code TORT was extended for fully implicit time-
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dependent calculations. Numerically, the solution for each time-step corre-

sponds to the solution of a static problem with an external source. This ap-

proach was already successfully implemented by GRS in DORT for 2D geome-

try. The code adaptations refer to the following steps: scaling of the total cross

sections, modification of fission spectra, introduction of precursor of delayed

neutrons and the construction of the source term from flux moments and contri-

bution of delayed neutrons of the previous time-step. The code changes were

implemented in such a manner that a clear interface exists between the stan-

dard TORT code and the extensions for the new time-dependent version

TORT-TD. For time-dependent calculations the code TORT including the cross-

section processing code GIP was fully transferred to 64-Bit to fulfill the increa-

sed accuracy requirements. The time-dependent version was tested by a sim-

ple TWIGL test case. In a zero transient the time-integration was very stable in

view of the multiplication factor and the pin wise fission rate distribution. For a

step wise reactivity insertion the correct calculation of asymptotic reactor period

was obtained.

As an other test case the PWR-MOX/UO2 benchmark was chosen specified by

Purdue University for a PWR control rod ejection transient 151. The core loading

corresponds to a Westinghouse PWR using Uranium and MOX fuel assemblies

with different enrichment and burnup. The benchmark consists of a static and a

transient part. The static problem was solved successfully. The calculation by

TORT was performed by applying the pin wise homogenized 8 energy group li-

brary and a 2x2 mesh for each pin in 2D xy-geometry. Totally, about 85000

meshes were used in the xy-plane. Both core configura-tions "all rods out" and

"all rods in" were solved by applying SN orders S4, S8 and S16. For compari-

son an MCNP calculation was performed for the condition "all rods out". Very

good agreement was obtained for the multiplication factor and the pin wise fis-

sion rate distribution for the TORT and MCNP results. The steady state pro-

blems were successfully solved by TORT. The time-dependent problem will be

calculated after implementing additional acceleration methods like a Tcheby-

cheff method.

> Results
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ref. 2.2.1 The results for the heterogeneous benchmark problems and the critical experi-

ments KRITZ-2, VENUS-1 and -2 have been documented /5/. In summary, the

application of deterministic neutron transport codes DORT/TORT and TWO-

DANT/THREEDANT for the benchmark problems as well as for the critical ex-

periments with few energy group data in the range of 8 to 20 energy groups

achieved very good results for the multiplication factor and the pin-wise fission

rate distribution. The agreement with MCNP results using point data was gene-

rally very good. Differences of the fission rate greater than 2 % were only ob-

served for fuel rods at the periphery of the configurations.

ref. 2.2.4 The program extensions of the 3D SN neutron transport code TORT for the ful-

ly implicit solution of time-dependent equations were implemented. For the cal-

culations the SN order and the number of energy groups can be chosen. The

prototype version of TORT-TD has available all basic functions to perform fully

implicit time-dependent calculations. The applicability has been checked by sol-

ving simple test cases. Further improvements are needed to speed-up the solu-

tion methods and to implement features supporting the prac-tical use for calcu-

lations of reactivity accidents.

ref. 2.2.5 The results achieved within the project have been documented in the final re-

port 111.

7 Next Steps

ref. 2.2.4 The project is terminated.

8 Relation with other Projects

RS1110, RS1130

9 References

IM E.E. Lewis u. a.

Benchmark Specification for Deterministic 2D/3D MOX Fuel Assembly Trans-

port Calculations without Spatial Homogenisation (G5G7-MOX)

NEA/NSC/DOC(2001)4

121 M.A. Smith u.a.
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Benchmark Specification for Deterministic MOX Fuel Assembly Transport Cal-

cula-tions without Spatial Homogenisation (3D extension C5G7 MOX)

NEA/NSC/DOC(2003)6

/3/ A. Seubert, S. Langenbuch, W. Zwermann

Solving the C5G7 3D-Extension Benchmark Problem with the SN-Code TORT

Jahrestagung Kerntechnik, 2004-01-20

141 A. Seubert, S. Langenbuch, W. Zwermann

Solution of the C5G7 3D-Extension Benchmark by the SN-Code TORT

PHYSOR 2004, Reactor Physics Topical Meeting, April 25-29, 2004, Chicago,

III., U.S.A.

151 S. Langenbuch, A. Seubert, W. Zwermann

Berechnung von Uran- und MOX-Kritikalitätsexerimenten und #Benchmarks mit

deterministischen und Monte-Carlo Neutronentransportprogrammen

GRS-A-3223, Sept. 2004

161 T. Kozlowsky, T. J. Downar,

OECD/NEA und U.S. NRC PWR MOX/UO2 Core Transient Benchmark

Working Party of the Physics of Plutonium Fuels and Innovative Fuel Cycles,

OECD/NEA Nuclear Science Committee (2003)

111 S. Langenbuch, A. Seubert, W. Zwermann

Weiterentwicklung von Neutronentransportmodellen für Anwendungen in der

nuk-learen Kernauslegung und die Analyse von Reaktivitätsstörfällen

Abschlussbericht GRS-A-3238

10 Degree of Availability of the Reports
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1 General Aim

In the frame of BMWA nuclear safety research, issue "Transientenanalyse und

Unfallabläufe (Analyses of transients and course of accidents)" an analysis of

the heat transport inside the molten pool and its interaction with the crust inclu-

ding gap cooling is carried out by developing a simulation module.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The project RS 1129 "Molten core behavior in severe accidents: lower head

cooling" is realized subsequent to the project RS 1002 "Development and Vali-

dation of Models for the Interaction between Debris and the Reactor Pressure

Vessel" in order to reduce the lack of knowledge of key issues and relevant

phenomena that had been identified in RS 1002.

The project RS 1129 is aimed to make an important contribution to extend and

verify the understanding of molten core behavior in the lower head. The questi-

on under which condition the retention of the molten core in the lower head can

be accomplished is a key issue of the defense-in-depth concept with regard to

the fact that the safety barrier rector vessel should not be given up prematurely.

2.2 Program of Work

2.2.1 Critical review of present experiments and analysis of molten core pool natural

convection, gap cooling and coolability of particle beds.

2.2.2 Improvement of the AIDA module and implementation in the ATHLET-CD code.

2.2.3 Development of models for gap cooling and particle bed cooling
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2.2.4 Evaluation of RASPLAV and MASCA experiments.

2.2.5 Final report

3 Experimental Facilities

- LAT-TUM

- Framatome ANP

- MPA Stuttgart

- IKE Stuttgart

- RASPLAV

- MASCA

4 Computer Codes

- AIDA-JS

-AIDA

- HEAT2D

- RERA2D

5 Progress to Date

ref. 2.2.1 Recent experimental results on the ultimate state of turbulence in Rayleigh

Benard cells inspired to conduct similar analyses for the convective molten cori-

um pool and to check the correlations for the heat transfer from the molten

pool. For this analysis the experimental results of the BALI and COPO tests

were reviewed and re-evaluated. The procedure for the derivation of the corre-

lations was examined on a rigid mathematical basis and improved.

The evaluation of the current results of the IKE experiments on particulate bed

cooling led to a re-examination of the analysis conducted until now and to a cri-

tical evaluation of the theories and models that have been proposed in the past.

ref. 2.2.2 Since the old AIDA module was based on oversimplification of the molten pool

physics a multi-dimensional method for the simulation of the molten corium be-

havior in the lower head was developed. The new method is based on the

ideas of the theory of cellular automata and provides an exact solution of the

mass and energy balance. Pool convection is modeled by an advective scalar

term. The advantage of this method is that it is universal and not restricted to
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specific geometries and materials. The geometry is build up from equal rectan-

gular volumina that allow only an approximative representation of curved surfa-

ces but this is adequate in view of the uncertainties in the other physical mo-

dels and the underlying assumptions .

The big advantage is that even with an extremely large number of time steps

there is no mass or energy defect. This property is required by the fact that si-

mulation times will be several days real time. The programming of this method

has started and to date the options for non-linear heat conduction, heat radiati-

on, melting and solidification have been incorporated and verified by a set of 13

sample problems. This verification has been documented.

ref. 2.2.3 The work on gap cooling and particulate bed cooling concentrated on the ques-

tion which conclusions from small scale experiments can be applied to the TMI

2 transient. This examination showed that all experiments have been termina-

ted too early and the heat fluxes found in these experiments are the heat fluxes

connected with the partial dry-out of the test facilities. These values are far be-

low the heat fluxes required to cause a substantial thermal load of the RPV

vessel wall.

The dense random packing of particles in a vessel was also investigated since

this is the key to understanding the coolability. A special focus was on the in-

creased particulate bed void at the boundaries .

It was also analyzed if the existing cooling models can be extended and impro-

ved to give reliable simulations. The analyses were not limited to the work per-

formed inside the nuclear community but were extended to the work on fluidi-

zed beds available in processing technology.

Another focus was on a new theory for gap cooling that has been put up in a

recent EU-project ARVI and is based on the idea of counter current flow limitati-

ons. It was analyzed if the basic ideas are correct and can be extended.

ref. 2.2.4 Recent MASCA experiments results on the influence of steel addition to molten

corium and molten steel penetration into particulate beds required evaluation.

Some calculations have been carried out to analyze the new data from the

MASCA salt tests.

ref. 2.2.5 Final report was prepared.
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6 Results

ref. 2.2.1 Application of rigid mathematical methods to the derivation of power laws for

molten pool convection heat transfer correlations showed that a transition to an

ultimate state of turbulence also exists for the volumetrically heated pool. The-

se results confirm doubts already raised before that power laws derived from

small scale experiments at a lower state of turbulence may not be universal

and may not be valid for the real molten corium pool in a real reactor.

The models for particulate bed cooling proposed in the past by various authors

show a substantial lack of agreement with experimental data and cannot be se-

riously considered as simulation models and have to be rejected.

Reporting of results in the final report has been completed.

ref. 2.2.2 The new method provides a technique to simulate the behavior of the molten

corium in the lower plenum in a more flexible and efficient way and in more de-

tails than the old AIDA module. A special emphasis is laid on the simulation of

melting processes and material relocation in space. An important issue is the

fact that change of the physico-chemistry, of the composition and of the proper-

ties of the corium can be simulated. A better understanding of this problem has

been achieved in the MASCA project.

The newly programmed three-dimensional technique gives fast and accurate

results for the thirteen selected analytical sample problems. This proves its ca-

pability to simulate all physicals phenomena connected with heat conduction,

melting and solidification with sufficient accuracy.

Reporting of results in the final report has been completed.

ref. 2.2.3 Geometrical properties of particulate bed lead to an increased void at the boun-

daries, by which a virtual cooling gap is formed. This virtual gap will always

form in any configuration. In TMI the size of this virtual cooling gap is large

enough to guarantee reliable cooling of the lower head debris .

Cooling of particulate beds has up to now been calculated on the basis of a

dry-out heat flux. It has been shown that even a completely dry particulate bed

can be cooled sufficiently by the vapor flow to keep it from meltdown. It has al-

so been shown that actual theories overlook the fact that the particulate bed

can change its geometry due to fluidization, which substantially improves coola-
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bility.

Reporting of results in the final report has been completed,

ref. 2.2.4 The results of MASCA II program obtained until today provide a large body of

experimental data that shows an unexpected set of new phenomena which

lead to a revision and improvement of the present models.

Reporting of results in the final report has been completed,

ref. 2.2.5 Final report was prepared.

7 Next Steps

ref. 2.2.1 Project has ended,

ref. 2.2.2 Project has ended.

ref. 2.2.3 Project has ended,

ref. 2.2.4 Project has ended,

ref. 2.2.5 Project has ended.

8 Relation with other Projects

RS 1126, RS 1100, RS 1073, RS 1074, RS 1050, RS 1049, RS 1002,

1501226, 1501227, 1501241, 1501254

9 References

/ 1 / C. Müller, Critical Review of Molten Corium Behavior in the Lower Head,
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General Aim

In the frame of reactor safety research of BMWA three-dimensional mixing ex-

periments are performed and supported by Computational Fluid Dynamics

(CFD) methods. In the experiments effects of scaling and geometrical boundary

conditions are investigated and locally resolved measurements are made

available for the validation of CFD programmes. Emphasis is placed on mixing

phenomena taking place during boron dilution transients and thermal mixing in

the context of structural integrity and normal operation conditions.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 > Identification of most important flow- and mixing phenomena taking place du-

ring a steam line break and during boron dilution transient. Establishment of a

test matrix for experiments to be performed at FZR and Vattenfall.

> CFX-5 calculations for two test cases dominated by turbulent mixing and na-

tural convection, respectively. Consistent and systematic evaluation and inter-

pretation of CFD results with respect to numerical and physical model accura-

cy.

> Final comprehensive evaluation of CFD applications in nuclear reactor safety.

2.2 Program of Work

2.2.1 Identification of most important flow- and mixing phenomena taking place du-

ring a steam line break and during boron dilution transient. Establishment of a

test matrix for experiments to be performed at FZR and Vattenfall.
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2.2.2 CFX-5 calculations for two test cases dominated by turbulent mixing and natu-

ral convection, respectively. Consistent and systematic evaluation and interpre-

tation of CFD results with respect to numerical and physical model accuracy.

2.2.3 Final comprehensive evaluation of CFD applications in nuclear reactor safety.

3 Experimental Facilities

None.

4 Computer Codes

Calculations are performed at GRS with the commercial CFX-5 programme,

developed by AEA-Technology. CFX-5 has a modern data structure

(unstructured, hybrid grids) and efficient solvers (algebraic multigrid). It is paral-

lelized in a scalable fashion allowing efficient calculations of transient, threedi-

mensional problems.

In CFX-5 discretisation schemes and turbulence models with higher order ac-

curacy are implemented. In the present project, the main advantage of the app-

lication of CFX-5 is its direct coupling of mass- and momentum equations lea-

ding to a high robustness and efficiency for complex flows. The user can choo-

se different discretisation methods and thus numerical accuracy. Furthermore,

it is possible to refine the numerical grid in user defied areas. The spectrum of

physical models ranges from turbulent, incompressible flows to compressible

flows with condensation and free surfaces in rotating geometry.

5 Progress to Date

ref. 2.2.1 Additional slug mixing tests were performed at the ROCOM Test Facility of For-

schungszentrum Rossendorf (FZR). The additional experiment ROCOM_07

corresponds to the benchmark experiment ROCOM_02 on start-up of the first

pump, see experimental test matrix in IM, but with closed idle loops instead of

open loops. It can be seen from the results, that the closure of the idle loops

has only a small effect on the mixing. Then an additional experiment with injec-

tion of a short tracer slug under steady-state flow conditions was performed by

FZR. This experiment ROCOM_stat01a comprises the repetition of steady-

state test ROCOM_stat01 with short tracer injection instead of a longer injecti-
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on as in ROCOM_stat01. In ROCOM_stat01 the experiment was aimed at ob-

taining the quasi steady-state mixing matrix by averaging over the time, when

the tracer concentration at the core inlet is at a plateau level. In the case of

short injection the tracer concentration does not reach the plateau level and the

transient component of the mixing process becomes more important. Because

of the shorter injection time in ROCOM-stat01a (injection over about 1,5 se-

conds instead of 8 seconds), the value of the maximum tracer concentration at

the core inlet reached about 72 % instead of 94 % in ROCOM_stat01. The slug

mixing test cases are documented in the deliverable report D05, see ref. 121. It

contains the measurement data in digital form and a data sheet for each experi-

ment, where the main results are summarised in graphical form.

From the four slug mixing experiments of the test matrix to be performed at the

Vattenfall facility, three have been carried out (VATT_01, VATT_02 and

VATT_04). The benchmark case VATT_02 has been successfully completed.

Visualisation of the slug has been carried out to get optical impressions of the

mixing pattern. Local injection of dye has been performed in steady state flow

fields and during transients. Laser sheet visualisations of coloured slugs pas-

sing through the downcomer have been made. Laser Doppler velocimetry

(LDV) was performed in steady and transient state. LDV was conducted at two

axial positions in the downcomer, at 6 angles in azimuthal direction and at four

positions along the radius. Vertical and circumferential velocity components ha-

ve been measured. Concerning the tests VATT_01 and VATT_04, problems

have been identified in a quality check. The signals from conductivity probes

show a time delay (low pass filtering). The time delay was caused by pollution

of the probes during dye visualisation experiments. These experiments were

repeated.

ref. 2.2.2 In the frame of the diploma work of Grabovac 12,1 two test cases were analysed

from the ROCOM test matrix. For the steady state test case ROCOM01 calcu-

lations were performed with CFX-5. In this case, boron mixing is investigated

under steady state conditions with the injection of salt water into the four cold

legs of the PWR-model. Following BPGs, the iteration error and discretisation

error are quantified by performing the calculations on a coarse, medium and fi-

ne grid with different discretisation schemes. The numerical results are compa-
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red with experimental data. Target variables are the boron concentration and

velocities at measuring points in the upper and lower downcomer. Optimum re-

sults with respect to accuracy and efficiency are obtained on a grid with 750

000 nodes, the UDS+NAC discretisation scheme of second order accuracy and

the k-epsilon; turbulence model. The structures in the lower plenum are model-

led using a porous media approximation for the pressure loss. On this basis,

first calculations for the transient ROCOM experiment were made. In ROCOM

test D10M05 the pump capacity is reduced. Density differences between the

deborated water, which is simulated as glucose solution, and the water in the

reactor amount to 10 %. Therefore, boron mixing is strongly influenced by natu-

ral convection. The glucose solution is injected with constant velocity into one

cold leg and leaves the pressure vessel at the corresponding hot leg. All other

loops are closed. The concentration of the glucose solution varies with time.

The transient has a duration time of 62.5 s. It was calculated with a constant ti-

me step of 0.05 s. The CFD-results show good agreement with the experiment

at the beginning of the transient. At the end, however, less mixing is observed

than in the experiment. This could be caused by the simplifying porous media

model of the lower plenum.

As a consequence, the calculations were performed on a refined grid which

was supplied to GRS by Thomas Höhne from FZR. This hybrid, block-

structured grid includes detailed models of the sieve barrel, the core support

plate and the rods modelling the core in the ROCOM test facility. The cold leg

with the ECC-injection nozzle was added in order to capture the flow stratificati-

on in the cold leg which also influences mixing in the downcomer. The influence

of the position of the boundary condition was investigated by setting the inlet

conditions at the injection nozzle in the cold leg. The glucose concentration is

one, and the injection velocity varies with time. Its maximum value is 0.64297

m/s. The glucose solution is injected between 5 sec and 15 sec problem time.

The total simulation time is 50 sec. The pump speed in the cold leg is reduced

to a velocity of 0.1455 m/s. At the hot legs, the outlet pressure is set to a con-

stant value of 100 000 Pa.

Calculations were performed with CFX-5 using second order discretisation

schemes in space and time. Two constant time steps (0.1 sec and 0.05 sec)
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were used in combination with the SST turbulence model and scalable wall fun-

ctions. The flow in the cold leg during and after the injection of the glucose so-

lution is no homogeneously distributed, but strong stratified with a higher con-

centration of glucose on the bottom of the cold leg. The glucose solution flows

downward directly below the inlet pipe. This phenomenon was also observed in

the experiment.

Further investigations on the influence of the turbulence model were performed

by using a Reynolds Stress model (RST), based on the omega equation. Com-

putational results are compared with the SST turbulence model for two time

steps, dt = 0.1 s and dt = 0.05s. The difference between the SST-calculations

obtained with two different time steps show the influence of the time discretisa-

tion error. The RST-results capture the concentration increase in the experi-

ment much better. This is also the case for the results obtained in the lower

downcomer.

At the core inlet, concentrations are monitored at three peripheral positions and

in the centre of the entrance plane. Calculated local concentrations are higher

than in the experiment, which means mixing is underpredicted. However, the

concentration values at the core entrance are very low. They vary between 0 %

and 3 % in the experiment and between 0 % and 5 % in the calculation. There-

fore, the absolute differences between calculation and data are less than 5 %,

which is well within the range of measurement accuracy.

ref. 2.2.3 In order to perform a comprehensive evaluation of the CFD applications in

nuclear reactor safety, the ECORA Best Practice Guidelines /4/ have been app-

lied for the CFD-simulation with the commercial software programmes CFX and

FLUENT. In addition, proposals have been made for the choice of target varia-

bles and evaluation of physical errors when comparing numerical and experi-

mental results. The comparison criteria are documented in 151.

The results are promising, however, in order to reduce the numerical errors and

increase the accuracy of the CFD calculations a more rigorous application of

the Best Practice Guidelines is necessary. This was not possible due to limited

computer capacity available. Nevertheless, sensitivity tests were made with re-

spect to the modelling of the internal geometry of the test vessels, the time step

and grid size with special emphasis on near wall resolution, and the position of
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the inlet and outlet boundary conditions. Finally, different turbulence models

were applied using optimised numerical methods and boundary conditions, see

/6/.

For the ROCOM slugmixing experiments the qualitative agreement with measu-

rements is good. The position of the lowest boron concentrations was captured,

however, local concentration was overpredicted, i.e. mixing was underpredic-

ted. For the Vattenfall slugmixing transient, the minimum average boron con-

centration at the core inlet and the minimum boron concentration at the core in-

let were captured very well. However, the distribution of low boron concentrati-

on across the core inlet plane was not accurately modelled by the CFD calcula-

tion. As a consequence, the following recommendations are made in order to

increase the accuracy of CFD calculations for boron dilution transients and mi-

xing:

>More computational cells have to be used to achieve grid- independent soluti-

ons. More detailed modelling of internal structures might also be needed, which

requires additional cells.

>Shorter time-steps might in some cases be needed.

>More advanced turbulence models have to be applied, especially models that

can cope with the specific features of the flow fields present in these applicati-

ons, such as accelerating flow, flow-impingements and buoyancy. Further-im-

proved Reynolds Stress Models or LES models (or hybrids between the two)

might be needed to get better agreement with measurements.

As the computation time needed for a grid- and time step-independent CFD

calculation using an advanced turbulence model is too long (in the order of

months), the following aspects are important:

>Faster computers

>Faster and more accurate solvers and numerical schemes

>Automatic time-stepping: The CFD code should choose the optimal time-step

(within specified limits) and relaxation for minimizing computation time and en-

suring convergence to specified residual levels.

improvements of the grid generation process in order to be able to make high-

quality hexahedral grids that would produce more accurate solutions with fewer

cells.
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>Grid adaptation (refinement & coarsening) during transient runs in order to get

high grid resolution where there are strong gradients of (especially) concentrati-

on. This will also produce more accurate solutions with fewer cells.

>Refined porosity models can also reduce the need for cells.

The ECORA Best Practice Guidelines have increased the awareness for what

is needed to produce highquality CFD calculations. These guidelines should be

extended with more detailed recommendations, for example which turbulence

model to use for different types of flow situations. The CFD code should also

help the user to apply the Best Practice Guidelines, for example concerning

quality checks for grid and solution. In spite of the large amount of work perfor-

med in FLOMIX-R there are still questions unanswered about the capability of

CFD codes to model boron dilution transients and mixing in primary system in

Pressurized Water Reactors. However, the development in computer capacity

and in software capabilities will continuously increase the ability to make accu-

rate CFD calculations.

6 Results

ref. 2.2.1 The test matrix in IM was supplemented by additional ROCOM experiments.

ROCOM_07 corresponds to ROCOM_02 on pump start-up but with closed idle

loops. ROCOM_stat01 a is a reiteration of the steady-state test ROCOM_01 but

with short tracer injection. The slug mixing test are documented in 121. Three of

the proposed Vattenfall experiments have been run. However, problems have

been encountered in two cases. Therefore, VATT_01 and VATT_04 were re-

peated.

ref. 2.2.2 In the frame of the CFD-code validation, parameter variations for the transient

test case with strong buoyancy effects D10M05 were performed with CFX-5 for

an unstructured and a hybrid, blockstructured grid. In combination with the un-

structured grid a porous media model for the lower plenum and simplified inlet

boundary conditions were used. The calculations were performed with first or-

der discretisation schemes and a k-epsilon; model. In the structured grid, the

cold leg and the structures in the lower plenum and core were modelled. Se-

cond order discretisation schemes were used in time and space. Results obtai-

ned with the SST-turbulence model and the baseline Reynolds Stress models



2004 RS1134 8 /9

were compared. The Reynolds Stress model shows an improved prediction of

buoyancy effects and stratification. However, due to the large time step used

for the latter calculations these results still include a fair amount of numerical

error. However, at the core inlet, comparisons between numerical and experi-

mental data show concentration differences which are within the range of mea-

surement accuracy.

ref. 2.2.3 A comprehensive evaluation of CFD applications was made with respect to the

simulation of boron dilution transients and mixing in the primary system of Pres-

surized Water Reactors, see /6/. This includes conclusions on the CFD calcula-

tions performed with the commercial software programmes CFX and FLUENT

for different experimental facilities. In addition, for an increased accuracy and

efficiency of the CFD simulations recommendations are made for software im-

provements and hardware requirements.

7 Next Steps

ref. 2.2.1 Project was finalised in September 2004.

ref. 2.2.2 The European project FLOMIX-R was finalised 30. September 2004. Final do-

cumentation is made available via internet at

http://www.fz-rossendorf.de/pls/rois/Cms?pNid=798.

ref. 2.2.3 The European project FLOMIX-R was finalised 30. September 2004. Final do-

cumentation is made available via internet at

http://www.fz-rossendorf.de/pls/rois/Cms?pNid=798

8 Relation with other Projects

The project is related to the following BMBF/BMWA supported projects:

- RS 1141, Advancement of CFD Codes for the Simulation of three dimensional

flows in the reactor coolant system

-RS1135, ECORA Project
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2

2.1

2.1.1

General Aim

In the frame of reactor safety research of BMWA Computational Fluid Dyna-

mics (CFD) programmes are evaluated for simulations of flows in the primary

system and containment of light water reactors. For this purpose Best Practise

Guidelines are established regarding the use and efficient application of CFD

software for reactor safety analysis.

Prospective results and added value of the project are:

- Improved prediction of thermal loads and, therefore, more reliable structure

analysis and operational safety of LWRs.

- Improved evaluation of margins of operation and safety and, therefore, reduc-

tion of costs.

- Reinforcement of confidence and trust into CFD analysis.

- Initiation of CFD networks of European Centres of Competence in reactor sa-

fety.

Particular Objectives and Program of Work

Particular Objectives

Best Practise Guidelines (BPGs) and standards are established for optimal use

of CFD methods and the formalised judgement of CFD simulations and experi-

mental validation data. These rules will ensure a systematic and consistent ap-

proach for the interpretation and assessment of CFD results. The BPGs are ap-

plied throughout the course of the project for CFD-simulations of flows in the

primary system and containment of light water reactors (LWR).
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> A comprehensive survey of existing CFD-calculations and experimental data

for simulations of flows in the primary system of LWRs is performed. PTS phe-

nomena and their modelling will be considered in detail. Models for improved

simulation of PTS-relevant phenomena are selected and implemented into the

CFX-code.

> CFX wiH be customised to facilitate its use for reactor safety applications.

Quality controlled simulations of selected UPTF experiments are performed to

demonstrate the abilities of the optimised code.

> In addition, CFD-simulations of flows in the containment of LWRs are investi-

gated. The present status of available data is assessed and a benchmark test

case is selected from PANDA experiments or CFD calculations.

> Results and experience gained during the project are summarized and docu-

mented in a comprehensive evaluation of potential and limits of CFD-

applications in nuclear reactor safety analysis. This includes a definition of de-

velopment needs and directions for future developments.

2.2 Program of Work

2.2.1 Best Practise Guidelines (BPGs) and standards are established for optimal use

of CFD methods and the formalised judgement of CFD simulations and experi-

mental validation data. These rules will ensure a systematic and consistent ap-

proach for the interpretation and assessment of CFD results. The BPGs are ap-

plied throughout the course of the project for CFD-simulations of flows in the

primary system and containment of light water reactors.

2.2.2 A comprehensive survey of existing CFD-calculations and experimental data

for simulations of flows in the primary system of LWRs is performed. PTS phe-

nomena and their modelling will be considered in detail. Models for improved

simulation of PTS-relevant phenomena are selected and implemented into the

CFX-code.

2.2.3 CFX will be customized to facilitate its use for reactor safety applications. Quali-

ty controlled simulations of selected UPTF experiments are performed to de-

monstrate the abilities of the optimised code.

2.2.4 In addition, CFD-simulations of flows in the containment of LWRs are investiga-

ted. The present status of available data is assessed and a benchmark test ca-

se is selected from PANDA experiments or CFD calculations.
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2.2.5 Results and experience gained during the project are summarized and docu-

mented in a comprehensive evaluation of potential and limits of CFD-

applications in nuclear reactor safety analysis. This includes a definition of de-

velopment needs and directions for future developments.

2.2.6 Final report.

3 Experimental Facilities

None.

4 Computer Codes

Calculations are performed at GRS with the commercial CFX-5 programme,

developed by AEA-Technology. CFX-5 has a modern data structure

(unstructured, hybrid grids) and efficient solvers (algebraic multigrid). It is paral-

lelized in a scalable fashion allowing efficient calculations of transient, three-

dimensional problems.

In CFX-5 discretisation schemes and turbulence models with higher order ac-

curacy are implemented. In the present project, the main advantage of the app-

lication of CFX-5 is its direct coupling of mass- and momentum equations lea-

ding to a high robustness and efficiency for complex flows.

The user can choose different discretisation methods and thus numerical accu-

racy. Furthermore, it is possible to refine the numerical grid in user defied are-

as. The spectrum of physical models ranges from turbulent, incompressible

flows to compressible flows with condensation and free surfaces in rotating

geometry.

5 Progress to Date

ref. 2.2.1 One of the major goals of ECORA was the provision of Best Practice Guideli-

nes (BPGs) for the assessment of CFD software and results / 1 / . The BPGs di-

vide the different types of errors in CFD simulations into two main categories:

> Numerical errors, caused by the discretisation of the flow geometry and the

model equations, and by their numerical solution

> Model errors, which arise from the approximation of physical processes by

empirical mathematical models
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The BPG contain a set of systematic procedures for quantifying and reducing

numerical errors. The knowledge of these numerical errors is a prerequisite for

the proper judgement of model errors. They contain detailed information on:

> The formalised judgement of results obtained with different CFD software

packages. This includes the definition and quantification of round-off, iteration,

and discretisation errors, and the assessment of modelling errors.

> The consistent use of CFD methods for reactor safety problems. The corre-

sponding guidelines relate to geometry and grid generation, boundary and initi-

al condition specification, selection of suitable physical models, and handling of

solution algorithms.

> The judgement of experiments regarding their use for verification and validati-

on of CFD methods in nuclear reactor safety. The guidelines include criteria for

checking global mass, momentum, and energy balances, consistency checks

for field data, and plausibility checks. Experiments are grouped in a hierarchy

ranging from laboratory studies (verification and validation tests) to industrial

demonstration tests.

The BPG are built on the concept of an error hierarchy. This concept implies

that numerical errors are quantified and reduced to an acceptable level, before

comparison with experimental data is made. The separation of numerical errors

from model errors then allows valid conclusions on model performance. The ty-

pes of procedures and advice provided in the BPGs for performing CFD simula-

tions are as follows:

> The first step is the selection of representative and solutionsensitive target

variables. These can, for instance, be maximum variable values or integrated

quantities like efficiencies or heat transfer coefficients (or one-dimensional dis-

tributions like wall heat transfer along a space or time coordinate).

> These target variables are then monitored in the iterative solution of a pro-

blem. The convergence criterion is set low enough so that the target variables

are no longer affected by it.

> Then the discretisation errors are quantified by either performing grid or time-

step refinement or by calculating the same problem with a different discretisati-

on scheme and comparing target variables.

> The next issue is uncertainties arising from insufficient information about the
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problem definition and setup. These uncertainties can be quantified by perfor-

ming calculations with variations on the unknown parameters and by a subse-

quent statistical analysis on the influence of these parameters.

> At this stage, the numerically certified solution can be compared with experi-

mental data. The remaining differences are the model errors. They can only be

reduced by applying more accurate models.

The application of the guidelines and procedures described in the BPGs is

especially important for the validation of CFD codes for nuclear reactor safety

as there must be a strong emphasis on reliability and quality of the computatio-

nal results. Reactor safety-critical flows are a special challenge for CFD simula-

tions due to the complex geometry and transient flow conditions in real reactor

scenarios that require very large computing resources. Therefore, it was not al-

ways possible to apply all aspects of the ECORA BPGs in practical applicati-

ons. However, during the course of the project as many of the concepts and

procedures as technically feasible were applied to the selected test cases. The

sensitivity of the simulations to the details of the numerical formulation was de-

monstrated by applying different spatial and temporal discretisation schemes.

Thus it was confirmed that only after the numerical errors are quantified, the in-

fluence of the physical models can be analysed and effective model improve-

ments can be made.

There has been strong interest into the ECORA BPGs by the technical coordi-

nators of the projects ERCOFTAC/QNET-CFD, FLOMIX-R, ASTAR and ITEM.

They have obtained copies of the ECORA BPGs with the stipulation to return

general comments on the BPGs, and to report about any experience gained in

applying the BPGs. FLOMIX-R and ITEM also used templates from the ECORA

BPGs for the description of numerical and experimental test cases The ECORA

partners have contributed to the ASTAR international conference which took

place on 17 - 18 September 2003 at GRS. A common ECORA/FLOMIX-R

workshop took place on 15 - 16 March 2004 organised by GRS and CFX Ger-

many. During these meetings experiences were exchanged concerning the ap-

plication of the BPGs for the simulation of boron mixing transients and flow si-

mulations in the primary system and containment of LWRs.

ref. 2.2.2 A review of CFD analyses of primary loop flows was prepared, see Ref 121. The
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deliverable D02 is subdivided into thematic groups on reactor core, PTS, boron

dilution and asymmetric loop operation, and other applications of CFD codes to

the reactor primary circuit thermalhydraulics. An analogous review was prepa-

red for experimental data in deliverable D03, Ref 131. The merits of various tur-

bulence models and numerical schemes have been evaluated, and the need to

implement more accurate and efficient models and algorithms has been sugge-

sted. Finally, the report on 'two-phase flow modelling capabilities and recom-

mendations' /4/ describes different approaches to model two-phase flows and

the realisation of the models in different commercial CFD programmes like

CFX, FLUENT, STAR-CD and PHOENIX and the in-house code NEPTUNE

which is developed by EDF and CEA. The results of the EUROFASTNET pro-

ject relating to limitations and improvements for physical modelling of two-

phase flows have been included in the analysis of the capabilities of CFD co-

des to simulate two-phase flows in reactor safety applications.

ref. 2.2.3 Key physical phenomena governing temperature distribution at reactor pressu-

re vessel walls during PTS transients, including two-phase flow effects, phase

transition and turbulent mixing have been identified and documented in /5A The

report contains a list of relevant PTS flow phenomena, a table of test cases re-

lating to physical phenomena relevant for PTS, and an assignment of test ca-

ses to the ECORA partners. The test cases are subdivided into singleeffect stu-

dies, which are used for an initial verification and validation of the CFD softwa-

re, and combined-effect studies, which approximate industrially relevant geo-

metries and operating conditions. The overall strategy is to start software deve-

lopment considering singleeffect phenomena, and then process to combined

effects.

A selection of PTS-relevant mathematical models is documented in /6/. The re-

port deals with the CFD modelling and simulation of condensation in dispersed

and stratified two-phase flows. The main focus is on modelling of transport pro-

cesses at the vapourliquid interface, damping of turbulence at free surfaces in

stratified flows, and the calculation of the interfacial area density in flows of

complex morphology.

Two verification test cases have been calculated with CFX-5 and NEPTUNE.

The results are documented in 171. The purpose of these test cases was to
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check robustness and accuracy of the numerical methods. Different factors in-

fluencing accuracy of the results were identified and analysed separately.

Results on validation test cases are documented in /8/ on jet impingement with

heat transfer (VAL01), water jet impingement in an air environment (VAL02), jet

impingement on a free surface (VAL03) and contact condensation in stratified

steamwater flow (VAL04). It was shown that turbulence model formulations ba-

sed on the omega-length scale equation are well suited for the simulation of im-

pinging jet flows. The characteristics of the free surface water jet flow were also

adequately represented by the physical models in CFX-5. A condensation mo-

del for saturated vapour on a free surface of a subcooled liquid has been imple-

mented using the User Fortran capability of CFX-5. The model is based on the

interfacial area density value calculated via the gradient of the volume fraction.

An extension of this model has also been implemented. This model allows si-

mulation of flows with both the continuous liquid layer and the dispersed liquid

droplets above the free surface. The simulations of the contact condensation

have shown that current models at the interface are not sufficient in their treat-

ment of the interfacial mass transfer. Therefore models for heat and mass

transfer at free surfaces were improved.

Emergency core cooling (ECC) experiments performed in the UPTF-Test Facili-

ty have been selected as demonstration test cases. UPTF Test 1 (DEM01), is a

single phase test, where the liquid-liquid thermal mixing in the cold legs and

downcomer of a LWR is investigated. The CFX-5 computations presented in 191

showed that the SST-epsilon/k-omega turbulence model gives a better descrip-

tion of the stratification phenomena in the cold leg than the standard k-epsilon

model. A porous medium approach for the representation of the reactor core in-

ternals causes unrealistic circumferential flow oscillations. Therefore a detailed

geometrical modelling with a fine numerical nodalisation was used. As a result,

the oscillations were damped. The inclusion of buoyancy terms in the turbu-

lence model yields good results for the stratification in the cold leg. However,

the flow in the downcomer shows dependence on the applied spatial and tem-

poral discretisation. The fluctuations measured in the experiment cannot be

captured by the applied statistically averaged turbulence models.

In the UPTF TRAM C1 (DEM02) experiments, the water level is lowered to the
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centreline of the cold legs. Nitrogen is injected above the water level in order to

suppress condensation. Stratified flow occurs during ECC-injection. For the

two-phase flow simulation (see /10/), the same CFX-5 free surface model was

used, which has been successfully validated using the test cases VER01,

VER02, and VAL02. In order to verify the basic operation of the models and to

perform a quality check of the results within reasonable computing times, only

one quarter of the full UPTF geometry was modelled. Following the ECORA

BPGs the numerical error was assessed by comparing first and second order

discretisation schemes on the same grid. The numerical results were assessed

by comparison of experimental data with the computed temperature distribution

in the cold leg. The thermal stratification and the onset of cooling at different

measurement positions and the free surface position are predicted in good

agreement with the data. However, the high-frequency variations of the data

are not picked up in the calculations. As in DEM01, this could be caused by the

use of a statistical turbulence model, which is known to predict too large eddy

viscosities and length scales for transient situations.

ref. 2.2.4 A review has been made on the available application of CFD software to con-

tainment analysis and severe accident management, see /11/. Following the

BPG outline, requirements for full containment analyses and limitations of the

current CFD tools together with future needs for related experiments are dis-

cussed. Examples show the rapidly increasing capabilities of CFD and cover

mainly gas mixing and combustion. Previous validation work, mainly based on

tests conducted within the framework of ISPs, is reviewed. In addition ques-

tionnaires were completed by the ECORA partners addressing the feasibility of

full scope analysis, including estimation of required computer resources.

The available database is analysed in /12/. Major recently built test facilities like

PANDA, MISTRA, ThAI and Battelle Model Containment are discussed. A de-

tailed description is given of the test facilities and instrumentation, the types of

experiments performed on the respective facility and the use of the experimen-

tal results with respect to code validation. Based on the discussion of major ex-

perimental programmes in /11/ recommendations are made for necessary fu-

ture containment related experiments. Investigations for combustion, fires, con-

densation and special mixing problems should have priority.
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Another goal of the project is to apply the BPGs to the simulation of contain-

ment flows, which are investigated in the PANDA experiments. An appraisal of

the computational overhead was obtained by performing a scoping exercise

with a simplified geometry, and boundary conditions similar to one of the SETH

tests. The participants performed calculations with two meshes for a short tran-

sient time (50 s), evaluating the distribution of temperature, concentration and

velocity on selected planes. Following the BPGs, numerical errors were quanti-

fied by grid size variations and by comparison of results for first and second or-

der discretisation schemes. Calculations were performed with CFX-4, FLUENT

and TONUS. The scoping exercise gives a realistic estimation of the difficulties

to simulate the selected PANDA tests within reasonable calculation times.

Two SETH PANDA experiments have been selected for assessment of the

CFD-codes. They are basic experiments on gas mixing in a twin-vessel geome-

try, driven by fluid injection in one of the vessels. Priority was given to tests with

low-elevation/low-momentum horizontal injections (near-wall plumes) and wi-

thout condensation, see /13/. As the strict application of the BPGs would result

in a computational effort that was hardly affordable with the current computer

power, the guidelines were relaxed. It was required to perform sensitivity stu-

dies with respect to:

1) Mesh, using three meshes (coarse, intermediate, fine)

2) Time step (or tolerance on residuals), but only for one mesh (intermediate

grid), using at least three time steps

Moreover, as the only model that was expected to have an effect on the calcu-

lated results was the turbulence model and the associated wall treatment, the

exercise included simulations with at least two turbulence models. The k-

epsilon turbulence model produced good results for all aspects of the test ca-

ses. Variants of the two-equation models also produced very good results in re-

lation to stratification and gas transport. The simple mixing length model produ-

ced results of much less accuracy in relation to all aspects of the transient, the

flow structure in the fluid-receiving vessel being totally missed. It was conclu-

ded that, although, the flows analysed in the framework of the ECORA project

did not include all the physics (e.g. condensation) of prototypical applications,

the success obtained in the simulation of the separate-effect tests using appro-
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priate meshes and models greatly improved the confidence in the application of

CFD methods for containment analysis, see /14/.

ref. 2.2.5 Based on the experience gained during the project recommendations on the

use of CFD codes for nuclear reactor safety analysis are made in /15/. The re-

port contains a general introduction about the industrial context and existing

CFD codes. It describes the use of single-phase CFD and lists NRS problems

where CFD is recommended and outlines how the ECORA BPGs can be adjus-

ted to large scale and reactor problems.

In the report on 'recommendations for CFD development and customisation' /

16/ suggestions are made to improve geometry modelling, mesh generation

and pre- and post-processing. In the section on single-phase CFD develop-

ment, proposals are made for extension of the scope of single-phase CFD, im-

provements of physical models and numerical efficiency. The recommendati-

ons for two-phase CFD development emphasise the necessity to improve the

physical models, e.g. for bubble flows and free surface flows. Finally, a list of

PTS physical processes has been added which require further investigations.

6 Results

ref. 2.2.1 The ECORA BPGs IM contain rules for the formalised judgement of CFD simu-

lations which ensure a systematic and consistent approach for the interpretati-

on and assessment of CFD results. The BPGs were applied throughout the

course of the ECORA project for CFD-simulations of flows in the primary sys-

tem and containment of light water reactors. The ECORA BPGs have establish

standards for the optimal use of CFD methods, which have been widely reco-

gnized and adopted by other projects like ASTAR, FLOMIX-R, ERCOFTAC/

QNET-CFD and ITEM.

ref. 2.2.2 The review report 121 about 'CFD applications to primary loop flows and recom-

mendations', the report /3/ about 'experimental data base on mixing in primary

loop applications and future needs' and the report 141 on 'two-phase flow model-

ling capabilities and recommendations1 have been finalised and submitted.

ref. 2.2.3 Experimental data was selected and prepared for the verification and validation

of CFX-5. The report on the benchmark suite for PTS analysis was finalised

and distributed 151. A selection of PTS-relevant mathematical models is docu-
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merited in report D05b /6/. The verification test cases, which were calculated

with CFX-5 and NEPTUNE, are documented in the deliverable D06: 'PTS-

Relevant Verification Test Cases', see 171. Results on validation test cases we-

re documented in /8/ on jet impingement with heat transfer (VAL01), water jet

impingement in an air environment (VAL02), jet impingement on a free surface

(VAL03) and contact condensation in stratified steamwater flow (VAL04). Two

demonstration test cases were selected and successfully calculated from the

UPTF Test 1 and UPTF TRAM C1 experiments. They comprise the simulation

of complex single- and two-phase flows which are relevant for ECC-injection in-

to the cold leg of a PWR, see /9/ and /10/.

ref. 2.2.4 CFD applications to large-scale experiments and full-scale containment analy-

sis and recommendations for use of CFD codes are documented in /11/. The

report /12/ on 'experimental data based on containment related safety issues

and future needs' gives recommendations for future experiments and require-

ments for instrumentation considering the needs of CFD validations.

Scoping calculations have been performed for a simplified buoyant steam jet in

order to estimate the required calculational effort. They are documented in /13/.

Then two SETH PANDA experiments have been selected for pre-test simulati-

ons using different CFD codes. The calculations for the tests with low-ele-

vation/low-momentum horizontal injec-tions and without condensation were

performed following the ECORA BPGs. The results are compared to experi-

mental data in /1 Al.

ref. 2.2.5 Potential and limits of CFD-applications in nuclear reactor safety analysis are

summarised in reports containing recommendations on the use of CFD codes /

15/ and recommendations for CFD development and customisation /16/ for

nuclear reactor safety applications.

7 Next Steps

ref. 2.2.1 The project was finalised 30 November 2004. Documentation is available on

the ECORA Web-page: http://domino.grs.de/ecora/ecora.nsf

8 Relation with other Projects

The project is related to the following BMWA supported projects:
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-RS 1124, ASTAR Project,

- RS 1134, FLOWMIX-R Project,

- RS 1141, Advancement of CFD Codes for the Simulation of three dimensional

flows in the reactor coolant system
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2

2.1

2.1.1

General Aim

The project, as a part of the research topic "integrity and reliability" funded by

the nuclear safety research of BMWA, should investigate the accuracy of relia-

bility methodologies for passive components. Different approaches of determi-

ning the reliability of piping systems should be tested and compared with re-

gard to their capabilities and efficiency for specific problems. Furthermore a set

of recommendations for future development of methods should be established.

Altogether the project should make a contribution for the development of proce-

dures to identify where the highest likelihood of failure is located in passive

components. To then provide an improved measure for quantifying the associa-

ted risk. The work should be carried out in the NURBIM project, a cost shared

action of the 5th framework program of the European Community.

Particular Objectives and Program of Work

Particular Objectives

The assessment of passive components in German nuclear power plants, i.e.

of pressure-retaining components, has to date been mainly based on determini-

stic approaches supplemented partly by probabilistic analysis. The available

methods to calculate failure rates are limited to certain failure modes using in-

put data reflecting mainly manufacturing and design conditions. The large

amount of data from operating experience are not adequately covered by the

codes. Therefore the availability and accuracy of assessment from presently

applied methods, tools and in particular the most commonly used computer
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programs for probabilistic assessment of passive components should be inves-

tigated. In all the project should develop recommendations to be used in a risk

based assessment of passive components. To achieve this goals different

aspects has been separated into work packages which will be treated by

groups of different project partners.

2.2 Program of Work

2.2.1 Characterisation of findings in terms of damage mechanisms.

2.2.2 Structure reliability analyses of problem matrix, comparison of methodologies,

benchmark.

2.2.3 Investigation of how structure reliability results influence the probabilistic safety

analysis (PSA).

2.2.4 Handbook of risk based inspection best practice.

2.2.5 Project management and coordination, documentation of results.

3 Experimental Facilities

none

4 Computer Codes

For calculating the failure probability of piping systems the PC computer codes

PRAISE and SUSA will be used. For the development of models, calculations

and post-processing of the results the GRS analysis chain based on the finite

element program ADINA and the pre- and post-processing programs ADINA-IN

and ADINA-PLOT are used on a workstation cluster.

5 Progress to Date

ref. 2.2.5 The final report was prepared /SCH 04/.

6 Results

ref. 2.2.5 The general aim of the project was to examine the validity of analysis methods

for the determination of the structural reliability of passive components. The

work was carried out as part of the participation in the EU's NURBIM (Nuclear

Risk Based Inspection Methodology for Passive Components) project. The ma-

jor focus was on the comparison of the PROST (probabilistic structural calcula-
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tion) analysis code developed by GRS within the framework of project RS 1127

for the quantitative determination of leak and fracture probabilities for piping

with the performance and results of other widely-used analysis codes in order

to use the resulting findings for further development.

For this purpose, a benchmark concerning the damage mechanism of fatigue

was performed. The objects of the examinations were circumferential inner-

surface crack distributions (assumed as being manufacturing-related) in the

welds of straight austenitic pipes of three different diameters which during ope-

ration are subjected to cyclical loads. By variation of the input parameters assu-

med as distributed or fixed, the influence of the individual parameters on the

leak probability after 40 years and at the beginning of the operating life was in-

vestigated. Variations of the initial crack depth distribution, especially of deep

cracks, the crack growth constants and the maximum load have the quantitati-

vely highest influence on the leak probability after 40 years. Calculations taking

in-service inspections into account showed that regarding the damage mecha-

nism of fatigue, all other inspections following a first one have no noticeable in-

fluence anymore on the leak probability and that the level establishing itself is

mainly governed by the quality of the first inspection.

The results achieved with PROST agree well with the results of other establis-

hed calculation codes for the determination of the structural reliability of piping

systems. By providing different calulation options, showing high flexibility in

connection with the input of loads or distributed parameters, and providing the

possibility of an uncertainty analysis, PROST offers additional features in com-

parison with other codes. The comparative analyses also show starting points

for further extensions of the scope of application, e. g. the implementation of

models for the calculation of leak opening and leak rate as well as the develop-

ment of a model for the consideration of the damage mechanism of stress cor-

rosion cracking.

With the structural-reliability codes available today it is possible in principle to

calculate quantitative leak and break probabilities for certain damage mecha-

nisms. Their use for the determination of localised leak probabilities make it

possible to differentiate between different sections as to their failure relevance.

Trends can be quantitatively identified with regard to the change in influencing
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parameters. Limitations regarding the usability of the codes within the frame-

work of probabilistic safety analyses (PSAs) are seen in particular with respect

to the validity of absolute leak and break probabilities as the results sometimes

strongly depend on the uncertainties attached to relevant input parameters,

such as crack geometry and expected loads, as well as on certain parameters

for the characterisation of the damage mechanisms. Generally, structural-relia-

bility codes are a valuable tool supplementing the methods applied so far within

the framework of PSAs for the estimation of leak and break probabilities.

7 Next Steps

ref. 2.2.1 The project has been completed.

8 Relation with other Projects

RS 1127 Further Development of the Structure Mechanics Analysis Method for

the Calculation of the Structure Reliability of Components.

9 References

/SCH 04/ T. Schimpfke, H. Schulz, J. Sievers: Vergleichsanalysen zur Struktur-

zuverlässigkeit von Rohrleitungen (NURBIM), Abschlussbericht GRS-A-3220,

August 2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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1 General Aim

The reactor safety research of BMWA supports the development of analytical

methods. Coupled codes combining thermo-fluiddynamic system codes and 3D

neutronic core models have been developed for accident analysis. Such codes

are validated for WWER-conditions.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The main objective of VALCO project is the validation of coupled thermo-

fluiddynamic neutronic codes for WWER NPPs. The work plan includes:

2.2 Program of Work

2.2.1 Extended validation of coupled codes by collecting data of plant transients of

WWER-440 and WWER-1000 and the simulation of such operational transi-

ents.

2.2.2 Comprehensive uncertainty analysis for coupled codes by reviewing available

methods and performing a uncertainty analysis for selected transients.

2.2.3 Specific validation of neutron kinetics models by analysis of critical experiments

performed in Kurchatov-lnstitute.

2.2.4 Final report.

Experimental Facilities

None.
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4 Computer Codes

ATHLET, 3D neutronic codes BIPR-8, DYN3D, KIKO-3D, statistical package

SUSA for uncertainty and sensitivity analysis

5 Progress to Date

ref. 2.2.2 The GRS uncertainty and sensitivity analysis shall be applied for two plant tran-

sients of a VVER-440 and a VVER-1000 / I , 21. A list of uncertain parameters

was determined for each of the plant transients /3, 4/. Following the GRS me-

thod, for each parameter were determined the range of values and their proba-

bility distributions. On this basis a set of parameter values was determined by

SUSA, which was used as input values for the calculations. Different working

groups performed calculations. Their results were collected and evaluated by

GRS.

For the Loviisa-transient, "Load drop of one turbogenerator at power" /3/, five

sets of results are available from SMABRE-HEXTRAN (VTT), ATHLET-DYN3D

(FZR and NRI, Rez), ATHLET-KIKO3D (KFKI) and ATHLET with point-kinetics

(GRS). These results were evaluated by SUSA .

For the Balakovo-transient, "Switch-off of one out of two feedwater pumps", the

calculations were performed by ATHLET-DYN3D (FZR and SSTC), ATHLET-BI-

PR8 (Kurchatov Institute) and ATHLET with point-kinetics (GRS). The four sets

of results were evaluated by SUSA.

The evaluation was performed for both transients with respect to the presentati-

on of time-functions, the rank correlation coefficients and the 95/95 tolerance li-

mits for main parameters. Typical results from the uncertainty and sensitivity

analysis were described in a conference paper contribution 151.

The comprehensive evaluation of both transients was documented in a report /

6/ for WP2. A summary was prepared for the final report of VALCO project HI.

For the main results and experiences of the uncertainty and sensitivity study for

WER plant transients a publication was prepared 181.

6 Results

ref. 2.2.2 A comprehensive uncertainty and sensitivity analysis was performed for two



2004 RS1137 3 /4

WER plant transients. The GRS methodology was applied which is based on

the statistical code package SUSA. For the Loviisa-transient five different sets

of calculations were evaluated. For the Balakovo-transient four sets of results

were available. Generally, the different results are consistent and good agree-

ment is found for the most sensitive parameters. The results were documented

in the final report /6/ of this workpackage. The complete results of VALCO pro-

ject are documented in the final report 171. The main results of the uncertainty

and sensitivity analysis were summarized by a publication in a scientific journal

7 Next Steps

ref. 2.2.2 The project is terminated.

8 Relation with other Projects

None.
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General Aim

In this project, as a part of the research topic "Integrity and Reliability" funded

by the nuclear safety research of BMWA, a computer based user interface

(QUAMET = Qualification Methodology) for the qualification of methods and

users in the area of structural integrity analysis of reactor pressure vessels

(RPV) should be developed. It should give a review of the suitability of structu-

ral mechanic methodologies used in safety analyses and should provide a pro-

cedure for the qualification of personnel. The tool should be based on the col-

lected knowledge and experience from many projects dealing with complex in-

tegrity assessment of aged RPV's and corresponding large scale experiments

together with data banks and publications. Furthermore QUAMET should con-

tribute to the validation of presently used deterministic analysis methods and

tools in the frame of RPV integrity assessment. In all the development of the

user interface should contribute to retain the competence in the field of RPV in-

tegrity assessment with corresponding large scale experiments and their simu-

lation.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The user interface should be a tool for the qualification of RPV integrity analy-

sis. The users qualification will be proofed by a successful solving of typical

exercises during a RPV integrity assessment. His solutions will be compared to
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results of reference solutions which are a part of the user interface. Measures

for assessing differences between reference solutions and the user solution

should be developed during the project. The reference solutions will be develo-

ped by an international group based on the results of the completed internatio-

nal integrity analyses study (RPV PTS ICAS = Reactor Pressure Vessel Pres-

surized Thermal Shock International Comparative Assessment Study). Additio-

nally analysis results, characteristic information and results from international

large scale thermal shock experiments (FALSIRE = Fracture Analyses of Large

Scale International Reference Experiments, TSRR = Thermal Shock Round

Robin) are made available in the user interface. To reach the goals the project

is separated into the following work packages.

2.2 Program of Work

2.2.1 Development of the user interface (programming aspects).

2.2.2 Development of criteria for RPV integrity analyses to be met by the codes and

users for qualification (technical aspects).

2.2.3 Module- Deterministic fracture mechanics, development of reference solutions

(technical aspects).

2.2.4 Parametric studies on the effect of uncertainties in the definition of the analysis

parameters on structural analysis results.

2.2.5 Module - Assessment of analyses on large scale thermal shock experiments,

development of reference solutions (technical aspects).

2.2.6 Tests and application of the user interface.

2.2.7 Documentation.

3 Experimental Facilities

none

4 Computer Codes

For the development of the user interface a Java++ PC Developer-Kit will be

used. For the development of models, calculations and post-processing of the

results during the parametric studies the GRS analysis chain based on the fini-

te element program ADINA and the pre- and post-processing programs ADINA-

IN and ADINA-PLOT are used on a workstation cluster.
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5 Progress to Date

ref. 2.2.7 The final report was prepared /SIE 04/.

6 Results

ref. 2.2.7 As part of Project RS 1138, a computer-aided user interface (QUAMET - Quali-

fication Method) was developed that is suitable for the qualification of structure-

mechanical analysis methods and their users. In this framework the analysis

methods to perform integrity analyses of reactor pressure vessels (RPV) have

been investigated. The training modul in QUAMET contains an introduction to

the various aspects of demonstrating the integrity of reactor pressure vessels.

In the "Learning Example" module, the user is guided through the various diffe-

rent analysis steps of an RPV integrity assessment, with the possibility of ac-

cess to input data and results. In the "Reference Cases" module, a data collec-

tion is available comprising information about the performance of structure-

mechanical analyses of so far 15 large-scale experiments as well as about 15

tasks from an RPV benchmark with a total of 326 diagrams illustrating the re-

sults. Here, the QUAMET user can compare his/her own analysis results with

the corresponding results of international studies. In the "Qualification and As-

sessment" module, the user's results are compared with the results of refe-

rence analyses and assesed on a set of previously defined criteria. In the "Infor-

mation" module, the user is provided with relevant searchable full-text docu-

ments as well as with a list of references relevant to RPV integrity assess-

ments.

Overall, a contribution has been made to the determination of the validity of

analysis methods for the description of the structural behaviour of reactor pres-

sure vessels. Furthermore, the work contributes to the maintenance of compe-

tence in the field of RPV integrity assessment and the large-scale experiments

and simulations performed in this context. Therefore, the research results in

this specialist field obtained by large effort can be used effectively by engineers

to be newly trained in this domain. The user interface that was developed thus

represents a tool for the qualification of analysis methods as well as for the trai-

ning of their users. The developed approach can also be applied to methods for
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the performance of safety analyses and demonstrations in other specialist are-

as in which experiments and comparative analyses have been carried out.

Parallel to the project RS 1138 a development on methods to qualify structure

mecha-nical analysis methods was performed at Oak Ridge National Laborato-

ry (ORNL) sup-ported by U.S. Nuclear Regulatory Commission (NRC). Main re-

sult of the ORNL work is a toolbox with different simplified analysis tools, e.g.

one-dimendional calculation of the structure mechanical behaviour of a RPV

wall with postulated crack due to thermal-mechanical loading. It is recommen-

ded to connect the modules developed by ORNL and GRS in a further work

point.

7 Next Steps

8 Relation with other Projects

none

9 References

/SIE 04/ J. Sievers, T. Schimpfke: Entwicklung eines Werkzeuges zur Qualifi-

zierung von strukturmechanischen Analysemethoden und Anwendern am Bei-

spiel der Integritätsanalysen von Reaktordruckbehältern (QUAMET), Ab-

schlussbericht GRS-A-3235, November 2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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1 General Aim

Within the framework of BMWA-sponsored reactor safety research, the deve-

lopment and verification (in a parallel project) of the Containment Code System

COCOSYS and the integral code ASTEC (Analysis Source Term Evaluation

Code) provide the analysis tools that have so far not been available and are

needed for a comprehensive simulation of severe accidents in light water reac-

tors; these codes will furthermore not only be able to describe important indivi-

dual phenomena close to reality but will also make it possible to show the inter-

action between these phenomena as well as the overall behaviour of the plant.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 COCOSYS is to allow the simulation (on the basis of largely mechanistic mo-

dels) of all relevant processes and conditions during the course of severe acci-

dents in the containment of a light water reactor, also covering all design basis

accidents. Within the framework of this project, COCOSYS will undergo further

concentrated development, with the focus on the simulation of the melt beha-

viour inside the containment.

The ASTEC integral code for the simulation of severe accidents (reactor coo-

lant system and containment), which is based on models that, compared to e.g.

COCOSYS, are partly simplified, is developed jointly with the French partner

IPSN (Institut de Protection et de Sürete Nucleaire). The focus of this project

will be in particular on the release and concentrated development of version V1
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that was improved and completed in the precursor project.

2.2 Program of Work

2.2.1 Review and quality assurance of COCOSYS.

2.2.2 Extension of the modelling in COCOSYS.

2.2.3 New development of the major module CCI.

2.2.4 Continuation of the work relating to ASTEC.

2.2.5 Interdisciplinary activities.

2.2.6 Documentation.

3 Experimental Facilities

This development project uses the experimental results from the Battelle Model

Containment (VANAM M3: Aerosols), the superheated-steam reactor (HDR) at

Karlstein (pyrolysis and E 11.2: thermal hydraulics), KAEVER (aerosols) as well

as the two test facilities ACE-RTF (Canada) and CAIMAN (France) (both iodi-

ne) as these are directly relevant to the work related to the topics mentioned in

brackets. The ThAi facility plays a central part since its current experiment pro-

gramme includes thermal-hydraulic and iodine experiments

4 Computer Codes

COCOSYS, ASTEC, CFD-Codes CFX und COMET, ATLAS visualisation code

5 Progress to Date

ref. 2.2.1 a) Thermal-hydraulics

In connection with the simulation of the sedimentation of aerosols through verti-

cal connecting apertures, instabilities on the thermal hydraulics occurred in

ISP-47 calculations, especially in connection with larger fog particles. This was

studied in detail, resulting in the detection of a wrong algebraic sign in the cor-

responding AFP routine, which was corrected.

b) Iodine

Comparative calculations with COCOSYS-AIM-F2 relating to the iodine distri-

bution calculated with MELCOR as part of the Level-2 PSA for boiling water re-

actors were finished and documented.

c) Coupling with ATHLET
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One partial aspect of the COCOSYS review is the further improvement of the

coupling of the individual modules/models. Considerable improvements were

achieved particularly in connection with the coupling of COCOSYS and ATH-

LET: (1) it is now also possible to guide steam mass flows through the interface

of pump-system connections for the better simulation of turbo pumps, (2) rest-

arting a coupled COCOSYS-ATHLET calculation is now possible, (3) it is now

possible to logically combine and delay signals for the connection of systems,

(4) reverse flow through the leak was improved, (5) GCSM control signals can

be transmitted to THY (simulation of containment isolation), and (6) the flow of

aerosols, fission products and iodine species through recombiners is now cal-

culated,

ref. 2.2.2 a) DDT criteria

To extend the capacity of COCOSYS regarding to the risks of fast

H2-combustions and the possible occurrence of detonations so-called criteria

are implemented. Objective of such criteria for flame acceleration (Sigma) and

detonation (Lambda) is the conservative assumption of the occurrence of these

processes. Discussions held in national and international frames have shown

that the criteria developed by Framatome ANP (Erlangen) mostly adopted for

the Russian RUT facility, which is the closest one to reality, are suited for a co-

de like COCOSYS. Framatome ANP has made available the algorithm and the

software.

b) Modelling of a water pool

At present the simulation of water pools in COCOSYS is based on the Non-

Equilibrium-Model. As usually in lumped parameter formulation only one mode

is used for the water that means the water is homogenously mixed and charac-

terized by a unique temperature. Above the water node a corresponding atmos-

pheric node is defined, which is homogenously mixed, too. Interacting proces-

ses between water and atmosphere are simulated based on their temperatures,

processes in the boundary layer are partly considered using correlations. Dyna-

mic processes as the breakup of stratified layers in consequence of impacts

from outside cannot be simulated actually.

The actual simulation of water pools is unbalanced compared with the sophisti-

cated simulation of the atmosphere. One option to overcome this deficiency is
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to use an industrial CFD Code like CFX-5 for the water phase. CFX-5 is applied

to the experiment PANDA BC4 and a PWR sump in order to test the code with

respect to accuracy and calculation time needed,

ref. 2.2.4 a) Wash-off of aerosols

In the preparation phase of the ASTEC version 1.1 the COCOSYS model for

wash-off of aerosols from the atmosphere is implemented. The IRSN spray mo-

del is included in the overall wash-off simulation process. At the end of the im-

plementation phase numerous test calculations for the different detailed pro-

cesses have been performed and then compared with corresponding COCO-

SYS calculations.

b) Restart capability

In the new ASTEC Version 1.1 a restart module is incorporated. All restart data

are only stored in the SIGAL database. The correct mode of its operation is

checked through picked out validation cases.

c) Integration of the ATLAS visualisation code

The ASTEC module CESAR was added to the online coupling of ATLAS with

ASTEC. The interfaces between the CESAR module-written in the program-

ming language C- and the FORTRAN functions of SIGAL called up by CESAR

were modified to integrate CESAR also in the Compaq Visual FORTRAN deve-

lopment environment.

It turned out during the development and test phase of the online coupling that

the data structure of the SIGAL database, which contains i. a. also the varia-

bles needed by ATLAS, still changes even after its initialisation, e. g. upon the

start of an ASTEC module during the calculation. This led to false values in the

ATLAS representation. This fault was corrected.

b) As part of the SARNET activities and the associated larger number of users,

a number of problems with the CPA module had to be solved. Owing to the

broad use of the individual models in CPA there was a large number of user

problems and model-related problems which made it necessary to make a

number of code-related and model-specific corrections. The documentation on

all modifications and the relevant user advice can be found in the new ASTEC

support system MARCUS,

ref. 2.2.5 a) The ATLAS simulation code will in future only be developed further for PC
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application. For online coupling it was therefore necessary to provide special

PC versions for the COCOSYS driver and for ATHLET-CD. These are now

available.

b) OECD-MCCI project:

The international comparison of codes within the framework of the OECD-MC-

CI project was continued under revised boundary conditions with a second,

blind calculation. The codes used were WEX and MEDICIS, which represent

the latest MCCI modules in the COCOSYS and ASTEC code, respectively. The

other participants used CORCON (ANL, KAERI), TOLBIAC-ICB (CEA, EDF),

COSACO (Framatome ANP), MEDICIS (IRSN) and COCO (JNES). The results

of this second step were discussed at a further workshop on the occasion of

the 6th project meeting, which took place at ANL/USA. During the course of this

meeting, the position of the German experts regarding the further procedure

and the possibility of a follow-up project was also presented and discussed.

c) Phenomenon based validation matrix

In the course of the year three meetings of the OECD-GAMA expert group on

the preparation of a phenomenon-based validation matrix for ex-vessel models

an/or codes took place at CEA in Paris and at GRS in Garching and in Colo-

gne, respectively. GRS acts as coordinator of this group.

d) Further OECD activities

Contributions to the state-of-the-art report on nuclear aerosols were written on

"Thermal hydraulics impact on aerosol behaviour in the containment", DEMO-

NA tests", "VANAM tests" and "KAEVER tests". Furthermore GRS contributed

to the status report on iodine behaviour in containment.

6 Results

ref. 2.2.1 a) Thermal-hydraulics

With the correction, the instabilities were eliminated even for large aerosol par-

ticles,

b) Iodine

The largest uncertainty in the calculation of the aerosol source term with MEL-

COR concerns the modelling of the so-called aerosol depletion. The calculation

method used in MELCOR seems little reliable. To assess the results achieved
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with MELCOR and for a better understanding of the differences in the COCO-

SYS and MELCOR modelling, the first step should include the performance

and analysis comparative calculations with MELCOR and COCOSYS concer-

ning the depletion behaviour of insoluble and hygroscopic aerosols in a single-

room geometry and under defined condensation conditions.

The comparative calculations with COCOSYS-AIM-F2 relating to the iodine dis-

tribution show above all three major uncertainties: (1) pH distribution in the

sumps, (2) ozone reaction that transforms volatile into non-volatile iodine aero-

sol, and (3) 12 deposition on dry and wet surfaces coated with paint,

c) Coupling with ATHLET

The modifications or additions (1-5) have led to a considerable improvement of

coupled COCOSYS-ATHLET calculations for reactor plants. Item (6) forms the

basis for the implementation of models regarding the retroactive effects of re-

combiners on aerosols, fission products and iodine,

ref. 2.2.2 a) DDT criteria

If hydrogen is defined as material the possibility of flame acceleration (SIGMA)

in each node is as well calculated as of detonation (LAMDA) in the COCOSYS

main module THY. In parallel the so-called AICC (Adiabatic Isochoeic Comple-

te Combustion) pressure is calculated in the case of a virtual combustion under

the given conditions. This pressure calculation is done for groups of zones

connected with each others. The code user is in the position to follow the evolu-

tion in time of these three parameters and may decide based on this knowled-

ge, if more sophisticated investigations of H2 combustion processes with detai-

led codes are required,

b) Modelling of a water pool

An advantage of the experimental PANDA BC4 is that starting conditions and

boundary conditions are known quite well. Furthermore the temperature is

measured at different positions in the water. For the calculation the geometry

and the inflow conditions are chosen as measured as function of time. The

comparison of measured and calculated temperatures shows a quite good

agreement.

To investigate the impact of the geometry the circulation in the water sump of a

PWR is simulated. Initial and boundary conditions are used according ATHLET/
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CONDRU calculations. The calculations show that besides a vertical stratificati-

on the temperature is strongly dependent from horizontal positions. The calcu-

lated differences of temperature are larger than 15° C.

The calculation time needed for the PANDA test is about five days, the one for

the PWR sump is about 14 hours. The reason for the much longer calculation

time in the case of PANDA is the very detailed simulation of the inflow device,

ref. 2.2.4 a) Wash-off of aerosols

The work performed in this period allows to simulate the atmospheric wash-off

processes for aerosols and iodine by spray water or volume condensation and

wash-off from walls by condensated water, drainage water and spray water.

The tests show that the relevant detailed processes are modelled correctly. The

complete wash-off model is now available for all ASTEC users, first in version

1.1.

b) Restart capability

The new restart module is now available for all users of ASTEC V1.1.

c) Integration of the ATLAS visualisation code

The results of the ASTEC module CESAR can now be represented with ATLAS

in the same form as the results of other modules.

The wrong allocation of parameters was rectified. The representation of varia-

bles that are only initialised during the course of the calculation will have to be

made possible in the next evolutionary step.

ref. 2.2.5 a) The special PC versions for the COCOSYS driver and for ATHLET-CD will

allow future coupled ATHLET/ATHLET-CD-COCOSYS calculations. A calculati-

on performed as part of the parallel project (RS 1147) on COCOSYS and

ASTEC validation demonstrated the operability of the overall system,

b) OECD MCCI project

In the revision of the boundary conditions, following consultations between

CEA, GRS and JNES, the GRS proposal for a standardised scaling of the geo-

metry of CCI-2 to axisymmetric conditions was adopted, so that in this second

benchmark step all codes could calculate with a standard axisymmetric geome-

try as approximation for the rectangular geometry actually used at ANL, and the

results were therefore comparable.

As regards the calculation results, there were very big differences between the
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different codes (~ 500 - 600 K). The best agreement regarding temperature

was achieved with the CORCON, WEX and COSACO codes. Regarding erosi-

on, the final depths (radial and axial) calculated by the codes varied between

0.2 m and 0.4 m; here, agreement with the experiment - which had shown a

maximum erosion of approx. 25 to 30 cm - was acceptable in general,

c) In the two meetings for the first step defined by GAMA - thermal hydraulics

and H2 combustion - experiments were successfully identified which on the one

hand cover most of the relevant detailed phenomena and which on the other

hand appear to be suitable with regard to their quality (performance, instrumen-

tation, documentation). As the two fields are major topics of German reactor sa-

fety research, it is not surprising that there is a particularly large number of Ger-

man experiments. As for the experiment results that so far are not available

throughout the OECD, efforts will be made during the following reporting peri-

ods to come to obtain clearance from their respective owners.

For the intended ISP on H2combustion, the following proposal was drafted:

Phases 1 and 2: several RUT experiments, lead organisations: FZK/GRS

Phases 3 and 4: several ENACCEF tests (laboratory tests at Orleans universi-

ty), lead organisation: IRSN

This way, only two test facilities need to be modelled, increases in the degree

of difficulty regarding the simulation are ensured, and the most urgent unresol-

ved detail phenomena and processes are included, such as combustion and

flame acceleration in connection with concentration gradients, combustion at

low H2 concentrations, etc.

7 Next Steps

ref. 2.2.1 The work has been completed in accordance with the work programme,

ref. 2.2.2 The work has been completed in accordance with the work programme,

ref. 2.2.3 The work has been completed in accordance with the work programme,

ref. 2.2.4 The work has been completed in accordance with the work programme,

ref. 2.2.5 The work has been completed in accordance with the work programme.

8 Relation with other Projects

This project is directly related to Project RS 1147 (intensified validation of the
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simulation codes COCOSYS and ASTEC). It is furthermore related to projects

performed by GRS concerning the development of codes for the simulation of

individual phenomena occurring in the containment during severe accidents:

RS 792A, RS 813, RS 847, RS 912, RS 979, RS 1042 and RS 1099.

There is a further relation to the analytic projects 1500905, 1500920A and

1500952 as well as the experimental projects 1500123D, 1500795, 1500798,

1500803, 1500824, 1500889, 1500890, 1500891 and 1501218.

References None

9 References

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mb

with the work programme.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

Within the scope of the reactor safety research of the BMWA existing computa-

tional programs are further developed for the analysis of assumed incidents in

light-water reactors. There is a need for enhancements of the simulation techni-

que beyond the present status of today's system codes. Necessary is a more

exact simulation for the quantification of safety margins in existing plants, in

particular for the evaluation of the power increase or of new core loading strate-

gies. For these tasks the present system codes alone are not sufficient, since

their safety prediction capability is limited in case of multidimensional flows and

in the representation of complex flow phenomena. Progress can be achieved

by so called Computational Fluid Dynamic (CFD) codes, which have a large po-

tential for a detailed simulation of multidimensional flows. The fields of applicati-

on for three-dimensional simulations are selected events e.g. with loss of coo-

lant, boron dilution or transients with thermal load of the reactor pressure ves-

sel. As starting point for the three-dimensional simulation of flows the commer-

cial CFX code of ANSYS-Germany and the inhouse CTFD (computational two-

fluid dynamics) code FLUBOX are available at the Gesellschaft für Anlagen-

und Reaktorsicherheit (GRS).

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Thermalhydraulic modelling for 3D flows
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2.1.2 Improvement of numerical procedures for 3D simulations

2.1.3 Coupling of the 3D code FLUBOX with ATHLET

2.1.4 Preprocessing, Postprocessing and documentation of CFD data

2.1.5 CFD Research Network

2.2 Program of Work

2.2.1 Flow simulation with the CFX software

Transport equation for the concentration of the interfacial area

Turbulence in two-phase flows

2.2.2 Improvement of numerical procedures

2.2.3 Coupling of the 3D code module FLUBOX with ATHLET

2.2.4 Preprocessing, Postprocessing und external exchange of CFD data.

2.2.5 Organization of workshops in the context of the CFD Research Network

3 Experimental Facilities

none

4 Computer Codes

ATHLET, CFX, FLUBOX

5 Progress to Date

ref. 2.2.1 Flow simulation with the CFX software in the two-phase region

Modelling and validation of the transport equation for the concentration of the

interfacial area

Modelling of turbulence in two-phase flows

ref. 2.2.2 Investigations for improvements of the solution of linear equation systems

ref. 2.2.4 Interface routines for the visualisation of FLUBOX calculations

Documentation of computations with CGNS

ref. 2.2.5 Activities of the CFD Research Network

6 Results

ref. 2.2.1 During the feed of emergency cooling water into the cold leg, the mixture of the

water jet in the horizontal pipe filled with water or steam is an important flow

phenomenon. Therefore the single effect experiment "Free Surface Flow in a
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3D Non-rotating Pelton Bucket" (Kvicinsky et al., 2002) was selected for valida-

ting the CFX computational methods. In the computations a homogeneous mo-

del for the conservation of mass and momentum was used, together with a

transport equation for the volume fraction and the shear stress transport (SST)

turbulence model. The convective flows were approximated with a first order

discretization method on an unstructured grid. The computations were accom-

plished in agreement with the Best Practice Guidelines given in the CFD Rese-

arch Network. The numerical error was quantified by a comparison of the re-

sults of computation on systematically refined computing grids with 150,000,

460,000 and 1,500,000 elements. Additionally the automatic grid adaptation

existing in CFX-5 was used. The results of computation with the adaptive grid

refinement were compared with the solution on the finest manually produced

grid and the experimental data. With only one third of the grid points the adapti-

ve procedure produces a solution, which agrees very good with the experiment.

That shows that the automatic grid refinement is a very good method, in order

to compute efficiently free surfaces in an air water flow.

The mathematical formulation of the conservation equations of the two-fluid

model means that both phases coexist at any point in space. However, the spa-

tial structure of the two phases cannot be determined from the volume fraction

alone and hence, the flow regime cannot be determined from the conservation

equations. For the determination of the flow regime one needs more precise in-

formation on the interfacial area. This leads to the introduction of a new model

quantity, the concentration of the interfacial area. The concentration of the in-

terfacial area is also a substantial parameter for the modelling of interfacial

transfer terms. The interfacial transfer terms can be written as the product of

the concentration of the interfacial area and a driving potential. In a new model

of Papadimitriou, 2003 the concentration of the interfacial area is computed

from the complete differential of the particle radius, including a momentum

equation at the phase boundary (Rayleigh equation). The dynamic change of

the concentration of the interfacial area is modelled including mass and heat

transfer between the phases and due to forces, which work at the interfacial

area. The model comprises the entire volume range. For validating the new

transport equation for the concentration of the interfacial area within the bubbly
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flow regime two experiments with the FLUBOX code were calculated. The ex-

periment of Kashyap, 1994 is an upward air-water flow in a vertical a pipe with

5.08 cm in diameter. In this experiment the concentration of the interfacial area

was measured at three different axial positions, L/D = 2, 32 and 62. The se-

cond experiment (Takamasa et al., 2003) is likewise a vertical, upward air-

water flow at a temperature of approximately 20 °C and at-mospheric pressure,

but this time with a diameter of only 9 mm. In this experiment, beside the con-

centration of the interfacial area, also the distribution of the gas volume fraction

and the gas velocity were measured. The pipe length is 945 mm. Axial measu-

ring points were at the positions L/D = 3, 6, 12, 24, 57 and 91. In this experi-

ment practically no disintegration of bubbles was observed, since the water

flow was only weakly turbulent. The measured decrease of the concentration of

the interfacial area are due to bubble coalescence alone. The FLUBOX calcula-

tions show a good agreement with the measured values, and/or the correlati-

ons derived from measured values. It is emphasized here again that in the pre-

sented model by Papadimitriou the phenomena bubble disintegration and bub-

ble coalescence were not explicitly modelled, on the contrary these phenomena

are the outcome of the computation and result from the modelled forces at the

phase boundary.

The situation for the modelling of turbulence in two-phase flows essentially is,

that for the continuous phase transport equations for the turbulence are solved

and empirical turbulence terms due to the second disperse phase are added in-

to the equation for the turbulent dissipation. In order to overcome the restricti-

ons on disperse two-phase flows a new method is presented for the determina-

tion of the turbulent dissipation and the turbulent kinetic energy, which consi-

ders both phases equally. The transport equation for the turbulent kinetic ener-

gy (k-equation) is deduced from the Navier Stokes equation for constant mate-

rial properties. The heuristic equation for the turbulent dissipation has the same

structure as the k-equation, whereby the terms similar to production and dissi-

pation result from multiplication with the derivative of the local dissipation rate

of the kinetic energy. The local definition of the dissipation rate depends on the

turbulent shear stress. The turbulent shear stresses are deduced for the two

phases and one has a possibility of com-puting the parameters of the dissipati-
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on equation also for two-phase flows. For the verification of the new transport

equations for the turbulence, within the single-phase range a horizontal shear

flow with two differently tempered streams of air was computed. The mixture

zones of the temperatures were computed. The computation of the mixture zo-

nes with the new model of Papadimitriou, 2003, which can differentiate bet-

ween turbulent scales, shows that the model is less energetic than the standard

the k-e model.

ref. 2.2.2 In co-operation of the GRS with the chair for Computer Science of the Techni-

cal University Munich in the BMBF promotion project 03-ZEM1M1

(Zenger,2003) in the context of the initiative "New mathematical procedures in

industry and services", the employment of iterative solvers for the solution of

the linear systems of equations in the FLUBOX code were examined. An iterati-

ve GMRES solver with and without preconditioning with multigrids was exami-

ned. As result, the use of the multigrid preconditioning was not profitable oppo-

site to the pure Krylov subspace solver, since the multigrid approach used alto-

gether clearly more computing time. Main-reason for it was an unsatisfactory

cooperation with the time step control in the time integration procedure FEBE.

A more efficient solver than the fractional step method implemented at present

in the FLUBOX code is also after this investigation not available.

ref. 2.2.4 The result data of a FLUBOX calculation are edited specifically to the data for-

mat PLOT3D of the NASA. The prepared data can be visualized with the post

processors FieldView or ParaView.

For the recording of computed results for documentation purposes the data ba-

se management system CGNS (CFD general notation system) is used. CGNS

was developed at NASA and is recommended AIAA standard. The data are

stored independently of the computer and operating system. With the informati-

on stored in a CGNS file reproducibility of a FLUBOX computation on any com-

puter platform is ensured at any time.

ref. 2.2.5 In the meeting of the project committee in February 2004, the GRS reported

comprehensively on the work of the CFD Research Network.

The fourth workshop of the CFD Research Network took place at 5.5.2004 in

the research center Rossendorf at the Institute for Safety Research. Following

the lectures and discussions of the participants, a visit took place of the FZR
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test facilities TOPFLOW and ROCOM. For the CFD Research Network the

GRS prepares a technical meeting "CFD methods in nuclear reactor safety",

which takes place in the context of the Annual Meeting of Nuclear Technology

2005. Current minutes and reports of the CFD Research Network are put down

on the web page http://domino.grs.de/cfd/cfd.nsf

7 Next Steps

ref. 2.2.1 None, the project is finished.

8 Relation with other Projects

RS 1124, RS 1134, RS 1135, RS 1145

9 References
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2003

A.Kashyap, M.lshii, S.T.Revankar
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International Journal of Multiphase Flow 29, 395-409, 2003

C.Zenger, A.Krahnke

Effiziente, robuste und genaue Löser für die aus den mechanistischen Model-



2004 RS 1141 7 /7

len zur Simulation zeitabhängiger, zweiphasiger Wasser-Dampf-Strömungen

resultierenden linearen Gleichungssysteme - Gesammelte Ergebnisse und Er-

kenntnisse

BMBF Projekt Math&lndustry, 03ZEM1M1, 2004

http://soft-pc3.zib.de/Mathlnd/fkz03ZEM1M1

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne



2004 RS1142 /4

Berichtszeitraum / Period

2004
Klassifikation / Classification

06.1
Förderkennzeichen / Project Number

RS1142
Vorhaben / Project Title

Prediction capability of computer code calculations for cooling system and containment

Aussagesicherheit von Rechenprogrammergebnissen zum Kühlkreislauf und Sicherheitsbehäl-
ter
Arbeitsbeginn / Initiated

01.01.2002

Arbeitsende / Completed

31.03.2005
Berichtsdatum / Last Updating

11.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Gesellschaft für Anlagen- und Reaktorsicher-
heit (GRS) mbH
Leiter des Vorhabens /Project Leader

Glaeser, Horst
E-mail Adresse des Leiters des Vorhabens

Horst.Glaeser@grs.de

General Aim

GRS develops and validates 'best estimate' computer codes to simulate acci-

dents within and beyond design limits up to severe accidents. This work is fun-

ded by the Federal Ministry for Economy and Labour (BMWA) in the frame of

their reactor safety research. The behaviour of the cooling system during acci-

dent conditions is calculated using the ATHLET computer code. The COCO-

SYS code is used to simulate containment behaviour. The main objective of

this project is to quantify the uncertainty of calculation results obtained using

the codes ATHLET and COCOSYS. Another objective is to determine the influ-

ence of input uncertainty variations on the uncertainty of these calculation re-

sults.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Computer codes need input parameter values for which not only one single va-

lue may be applied but a range of values can be taken into account. These ran-

ges should be considered as input uncertainties to determine their influence on

the calculation results. The state of knowledge about input parameters has to

be determined, and is quantified by ranges and distributions of parameter va-

lues. In particular, information from post-test calculations of experiments, pre-

ferably separate effects tests, is used. To determine the input uncertainty ran-

ges and distributions is an important step in the analysis, since these determine
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the ranges and distributions of the calculation results.

2.2 Program of Work

2.2.1 Provide quantitative uncertainty and sensitivity statements about the results

calculated using the computer code ATHLET in the case of a large 200% cold

leg break of a pressurised water reactor (PWR). The application of the GRS un-

certainty method to a large break scenario is needed to provide a basis for the

determination of fuel rod failure rate after a loss of coolant accident.

2.2.2 Uncertainty and sensitivity statements on COCOSYS post-test calculation re-

sults of the HDR T31.5 experiment will be determined. The experiment simula-

tes a large break of the main coolant pipe at half the height of a containment.

Maximum pressure and temperature is calculated during the short term period.

During the following long term period steam and later helium-hydrogen mixture

is injected, simulating the release rates of the low pressure scenario of the Ger-

man Risk Study. Hydrogen distribution and sensitivities of input parameters will

be examined. The results allow a statement about prediction capability of CO-

COSYS calculations and may provide guidance on specific improvements of

code models.

2.2.3 Documentation.

3 Experimental Facilities

None

4 Computer Codes

- ATHLET to calculate the thermal-hydraulics of the cooling system

- COCOSYS to calculate the behaviour in the containment.

5 Progress to Date

ref. 2.2.2 Three uncertainty analyses have been performed, consisting of 200 code runs

each. All runs were completed without failure and without error message.

6 Results

ref. 2.2.2 The noding of experiment HDR T31.5 which has been developed during the

course of the project allows robust and stable calculation runs.
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The three sets of investigations are different with regard to the choice of the

distribution type of the uncertain input parameters, and their lower and upper

bounds. For the first set mainly triangular distributions around the reference va-

lue were selected. The consequence was a concentration of calculation results

around the reference value. The second set was performed using uniform dis-

tributions mainly. In the third set the bounds of the distributions were enlarged,

compared to the second set. Especially parameters addressing the heat trans-

fer models, like natural convection, forced convection and condensation on

component structures were varied within physical reasonable bounds. The last

set will be kept for further investigations.

The results of these uncertainty analyses show that five to ten parameters con-

tribute significantly to the uncertainty of the results. Significant contributions are

from the heat transfer models, heat capacity of structures, surface and wall

thickness of structure material. Water entrainment is important in the early pha-

se of the transient. The sensitivity measures versus time show reasonable be-

haviour, it can be well explained.

A comparison of the reference case with experimental data show good agree-

ment during the blowdown phase up to 40 s. During the transition phase bet-

ween 40 and 400 s the agreement is still good, according to the still effective

dynamics of the injection. After 400 s, however, the deviations increase during

increasing natural convection. It can be recognised that too much energy re-

mains in the containment atmosphere. The deviation is expected to increase

during the late phase of the experiment which simulates hydrogen injection.

Consequently, the nodalisation should be improved. One possibility is to increa-

se the steel surface area, especially of the liner, and to increase the heat trans-

fer into the annulus, and from there into the environment.

7 Next Steps

ref. 2.2.2 A calculation for the late phase of the experiment will be performed using the

experience made for the early phase.

The results will be evaluated further and documented in a report.

8 Relation with other Projects
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- RS 1126 Development of ATHLET/ ATHLET-CD

- RS 1139 Development of code system COCOSYS/ ASTEC

- RS 1155 Validation of code system ATHLET/ ATHLET-CD

- RS 1109 Influence of model parameters on the prediction capability of the

thermal-hydraulic computer code ATHLET

- RS 1149 Development of methods for the analysis of the fuel rod behaviour

under both reactivity initiated accidents and loss of coolant accidents

9 References

None

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Fördernde Institution / Sponsor

BMWA
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General Aim

In the frame of reactor safety research of the BMWA, measurement data rela-

ting to the validation of codes such as ATHLET, ATHLET-CD and COCOSYS/

ASTEC have been taken over by GRS, selected, edited, and deployed for com-

parison calculations with the codes. These data are mainly available on magne-

tic tape and cartridges of the GRS-mainframe running under the operating sys-

tem MVS. Computers using this operating system will are not in use any more

after the refurbishment of the IT-infrastructure of GRS, and will be disestablis-

hed in the near future. Therefore, the necessity arises to select the relevant da-

ta, transfer them to actually used machines, and to catalogue and archive those

data. Particularly the HDR-data which are kept at GRS as well as measurement

data of the most important tests from other experiments and plants will be

backed up, provided that these data are not saved elsewhere and are available

without problems.

2

2.1

2.1.1

2.2

2.2.1

Particular Objectives and Program of Work

Particular Objectives

Program of Work

Porting and saving HDR experiment data: Generate Job Control Data for trans-

ferring HDR-Data from cartridges to disk, porting to UNIX-machines, spot tests

for correctness of data, saving on CD-Roms, documentation of all processing,

error checks. As far as available to GRS, experiment protocols will be saved to-
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gether with the data.

2.2.2 Determining and locating other measurement data: Determining further measu-

rement data to be saved in accordance with the potential users of theses data

at GRS, locating the data on different media.

2.2.3 Porting of further measurement data: Checking for readability and porting the

data specified in 2.2.2 on UNIX machines, development of simple tools for sup-

port of the porting, adaptation of the binary formats depending on the type of

data to be saved, backup, documentation of all processing, error check.

2.2.4 Locating and Saving the documentation of the data and development of a cata-

log for recovering the data: Determination of the location of the documentation,

taking over of documents as far as necessary for the utilization of the saved da-

ta, implementation of a simple retrieval system offering user information on the

data.

Final Report.

3 Experimental Facilities

none

4 Computer Codes

Programs which run under MVS for printing header data (label prints), and for

converting MVS-data format to UNIX data format.

5 Progress to Date

ref. 2.2.2 Localization and backup of further measurement data has been continued. The

search for storage media with data has proven to be quite involved. It is ne-

cessary to figure out which experiment is saved on which tape. This is accom-

plished via the documentation available at the people in charge of the experi-

ments respectively the GRS staff who have mostly already left the company.

ref. 2.2.3 The data on the GRS mainframe, on cartridge or on magnetic tape have been

ported after reconnecting the MVS system. Initially, only data could be migrated

which were stored on cartridges. Data on magnetic tape ran on an error messa-

ge. First, an attempt was made to correct this error from the software side, later

by hardware. Even replacement equipment could not solve the problems. Final-
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ly, The tapes were given to a company which managed to copy the tapes 1:1 to

cartridges.

After copying, the cartridges had to be assigned to the original tapes because

of important information which was contained exclusively on the original tapes.

It was necessary to write a few tools to read the content of the tapes all to-

gether, to migrate several files and to adapt the binary data formats to the parti-

cular operating system.

ref. 2.2.4 An investigation was conducted by questionnaire with respect to the available

experimental data and the corresponding documentation. Thus, after return of

the questionnaires, it was known which documentation was available for a par-

ticular experiment. This information and the location of the documents has be-

en put on record.

6 Results

ref. 2.2.3 The backup of data stored on cartridges was continued. Data stored on magne-

tic tapes were copied to cartridges by an external company. First, three test ta-

pes were chosen for copying. After these, 85 further tapes were copied. A few

tapes which in part were more than 30 years old could not be saved, or only in

part.

The backup of data which were available only on cartridges was started. This

applies to data of the experiments CCTF, LOFT, LOBI, Marviken, GKSS, GKM

II, DEMON, FIPLOC.

The data of a further 15 experimental facilities, which were stored on the GRS

mainframe under the operating system MVS, were saved to about 75 percent.

The rest consisted of cartridges and tapes which were no longer readable or

overwritten, as well as not localizable experimental data.

The data were save on CD (as a master copy and in the GRS Archive), as well

as in the storage system ADSM.

ref. 2.2.4 A simple system was set up which provides information on the available experi-

mental data. It consists of a Word table with links to further Word or Excel ta-

bles. The system shows the available experimental data, the contact person,

the format of the data, the location of the data, the available documentation and

more. At the end of the project, a final report has been written.



2004 RS1143 4 / 4

7 Next Steps

8 Relation with other Projects

none

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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1 General Aim

Technical support of the national TSO's, transfer of the methods and results of

the German reactor safety research to the middle and east European countries

in the frame of the reactor safety research sponsored by the BMWA.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The activities in the frame of this project should ensure the continuation of the

scientific-technical cooperation (STC) and the information exchange between

the GRS and technical support organizations in Hungary, Czech Republic, Slo-

vakia, Bulgaria and Ukraine.

2.2 Program of Work

2.2.1 STC with Hungary

- Transfer of new versions of computer codes ATHLET and COCOSYS

- Transfer of the coupled version of ATHLET/COCOSYS

- Modification of the ATHLET input deck for WWER-440/W-213 (Paks)

- Development of the COCOSYS input deck for WWER-440/W-213

- Application and validation of ATHLET/COCOSYS

- Information exchange with Hungarian experts

2.2.2 STC with Czech Republic

- Transfer of the new versions of computer codes ATHLET, ATHLET-CD, AT-

LAS, COCOSYS
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- Application and validation of ATHLET, ATHLET-CD, and COCOSYS

- Application and validation of the coupled ATHLET/COCOSYS code

- Application and validation of coupled ATHLET/DYD3D code

- Transfer of methods for uncertainty analysis, PTS and boron dilution

- Information exchange with Czech experts

2.2.3 STC with Slovak Republic

- Transfer of the new versions of computer codes ATHLET, ATLAS and COCO-

SYS

- Application and validation of ATHLET and COCOSYS

- Application and validation of coupled ATHLET/COCOSYS

- Transfer of methods for uncertainty analysis

- Information exchange with Slovakian experts

2.2.4 STC with Bulgaria

- Transfer of new versions of computer codes ATHLET and COCOSYS

- Application and validation of ATHLET and COCOSYS

- Information exchange with Bulgarian experts

2.2.5 STC with Ukraine

- Establishment of the working schedule

- Transfer of new versions of selected computer codes

- Application and validation of selected computer codes

- Information exchange with Ukrainian experts

2.2.6 Multilateral information exchange # expert and user workshops.

2.2.7 Documentation.

3 Experimental Facilities

PMK test facility in Hungary,

ISB test facility in Russia,

ERECBCV-213 test facility

4 Computer Codes

ATHLET, ATHLET-CD, ATLAS and COCOSYS

5 Progress to Date
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ref. 2.2.1 The new versions of ATHLET (ATHLET mod 2.0 cycle A) and SUSA (SUSA

5.5) have been transfered to KFKI.

The Hungarian Experts have been trained in the application of this ATHLET co-

de version and the changes of ATHLET physical models were discussed.

The GRS uncertainty methodology was a subject of detailed discussion bet-

ween GRS and KFKI experts.

The main activity of the cooperation between GRS and KFKI is a coupling of

German thermal-hydraulic code ATHLET with the Hungarian 3D-kinetics code

KIKO3D.

ref. 2.2.2 Transfer of the new version of SUSA code to NRI.

The ATHLET post-test analysis of the LOFT L2-5 experiment is completed.

The post-test analysis of the PKL-SBLOCA experiment and the comparison of

the experimental data to the results of ATHLET and RELAP calculations is

completed.

The ATHLET analysis of the PSB-SBLOCA experiment is completed.

The uncertainty analyses of the ATHLET results of WWER440-PRISE case

and WWER1000-LBLOCA case using the SUSA code have been performed.

The COCOSYS post-test analysis of EREC BC-V213 experiment and the com-

parison to the results of the COCOSYS calculation of the same case in

WWER440/V213 is completed.

ref. 2.2.3 Transfer of the new version of ATHLET (ATHLET MOD 2.0 cycle A) and of the

corresponding ATLAS version to NRA.

Transfer of the new SUSA version (SUSA 5.5) to NRA.

The "best estimate" ATHLET calculation of the SPE-3 (PMK-PRISE experi-

ment) using ATHLET code is completed.

The post-test analysis of the Russian EREC BC-V213 experiment using CO-

COSYS code is completed.

ref. 2.2.4 The new versions of ATHLET (ATHLET MOD2.0 Cycle A) and COCOSYS ha-

ve been transferd to ENPRO.

The ATHLET analysis of the "Collector lid lift-off" transient in the Bulgarian

WWER440/V230 NPP is completed.

The results of this calculation have been compared to the results of RELAP co-
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de analysis of the same case.

The Bulgarian expert has been trained in the application of the new COCOSYS

code version and than COCOSYS has been used by EN PRO for the analysis

of the thermal-hydraulic behaviour in the confinement of the Bulgarian

WWER440/V230 NPP.

ref. 2.2.5 The ATHLET code has been used by ICC experts for the additional analyses of

different SBLOCA cases to support the PRA for the Zaporozje Unit 5 NPP.

ref. 2.2.6 The third GRS-MOEL seminar "GRS Codes - Development, Validation and Ap-

plication" was organized and held in Garching (27.10. to 29.10.2004). There

was also a Russian delegate invited to the seminar and presented an overview

about the application of GRS codes in RRC Kl /10/.

The main subjects of this seminar were:

- Current status of ATHLET and further development

- Status of ATHLET validation

- Current status of COCOSYS and further development

- Current status of ASTEC development and validation

- ATHLET-CD - current status and further development

- Current status and applicability of FLUBOX code

- GRS codes application and validation in participating countries

6 Results

ref. 2.2.1 The development of the interface routine for the transfer of data between ATH-

LET and KIKO3D codes has been completed.

The previous activities and results of the cooperation between GRS and KFKI

and the future plans were compiled in IM and presented at the 3rd GRS-MOEL

seminar.

ref. 2.2.2 The results of these activities have been shown at the 3rd GRS-MOEL seminar

12, 3, 4/.

In general, it can be concluded that the calculated results compare well to the

experimental data.

ref. 2.2.3 The comparison of the calculated results to the experimental data has shown in

both cases (ATHLET analysis of SPE-3 and COCOSYS analysis of EREC BC-

V213) good agreement.
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The detailed results of these calculations have been presented at the 3rd GRS-

MOEL seminar/5, 6/

ref. 2.2.4 The results of the ATHLET analysis of the "Collector lid lift-off" transient and

their comparison to the RELAP results were shown at the 3rd GRS-MOEL se-

minar 171. Also results of the COCOSYS analysis of the thermal-hydraulic pro-

cesses in the confinement of the Kozloduj block3 NPP were presented at this

seminar /8/.

ref. 2.2.5 The results of the ATHLET analysis were compared to the results of RELAP

calculations. This comparison has shown that a subdivision of initial SBLOCA

range into two sub-ranges is logical and may improve overall PRA results. Se-

lected results of this analysis were presented during the 3rd GRS-MOEL semi-

nar /9/.

ref. 2.2.6 The important results and conclusions of the third GRS-MOEL seminar "GRS

Codes - Development, Validation and Application" can be summarized as fol-

lows:

- An additional information about computer code changes and development

should be provided by GRS in the form of "News letters"

or as a part of GRS or other website.

- This kind of scientific-technical cooperation between the participating coun-

tries and GRS should be continued after the end of this

project.

7 Next Steps

ref. 2.2.1 Continuation of the code coupling of ATHLET and KIKO3D

Generation and qualification of the ATHLET input deck for the Paks NPP

Verification of coupled code.

ref. 2.2.2 The uncertainty analysis of the ATHLET calculation of the

WWER440/V213-PRISE case will be continued.

ref. 2.2.3 The ATHLET analysis of the PRISE case (corresponding to the SPE-3 experi-

ment) in the Slovakian WWER440/V213

Continuation of the uncertainty analysis for both, SPE-3 and WWER440/V213

ATHLET calculations

ref. 2.2.4 Continuation of the COCOSYS analysis of the thermal-hydraulic processes in
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the confinement of Kozloduj block 3 NPP and discussion of the results with

GRS experts.

ref. 2.2.5 Continuation of the ATHLET code application to support ZNPP Unit 5 PRA re-

view activities.

8 Relation with other Projects

none

9 References

IM G. Hegyi, I. Panka, I. Trosztel

Status and Methodology of the ATHLET-Applications in AEKI and Plan for the

Use

of Codes Developed by GRS

Vortrag von KFKI-HU, Garching, 3. GRS-MOEL-Seminar, Oktober 2004

121J. Macek, M. Bencik, F. Lahovsky

The current ATHLET application and validation activities in CZ - Overview

Vortrag von NRI-CZ, Garching, 3. GRS-MOEL-Seminar, Oktober 2004

131 J. Macek

The current COCOSYS application and validation activities in CZ - Overview

Vortrag von NRI-CZ, Garching, 3. GRS-MOEL-Seminar, Oktober 2004

I Al J. Macek

The uncertainties analyses and SUSA application in CZ - Overview

Vortrag von NRI-CZ, Garching, 3. GRS-MOEL-Seminar, Oktober 2004

151 M. Kristof

Post-test Analysis of SPE-3

Vortrag von NRA-SK, Garching, 3. GRS-MOEL-Seminar, Oktober 2004

161 L. Kubisova, J. Husarcek

COCOSYS application and validation activities in Slovakia - Overview

Vortrag von NRA-SK, Garching, 3. GRS-MOEL-Seminar, October 2004

111 A. Krastev

The current GRS codes application and validation activities in Bulgaria - ATH-

LET code

Vortrag von ENPRO, Garching, 3. GRS-MOEL-Seminar, October 2004
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/8/ A. Ivanova

The current GRS codes application and validation activities in Bulgaria - CO-

COSYS code

Vortrag von ENPRO, Garching, 3. GRS-MOEL-Seminar, October 2004

/9/ O. Zhabin, A. Zhabin

Application of ATHLET code to support ZNPP Unit 5 PRA Review Activities

Vortrag von ICC, Garching, 3. GRS-MOEL-Seminar, October 2004

/10/A. Suslov

The current GRS Codes Application and Validation activities in RRC Kl

Vortrag von RRC Kl, Garching, 3. GRS-MOEL-Seminar, October 2004

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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1 General Aim

The goal of this project is to contribute to the VVER-type reactors safety impro-

vement by means of providing and validating of methods and tools for safety

assessment of these reactors. The project is part of the international scientific-

technical co-operation with Russian scientific organisation.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 For that purpose the following tasks are to be performed:

- Intensive exchange of experience between the code developers of ATHLET

(GRS) and KORSAR (Code development centre of Minatom - OCRK) for con-

temporary issues of model and code development

- transfer of methods and practices as well as joint works for the application of

the GRS method for uncertainty and sensitivity analysis to WWER plants

- contributions to the validation of ATHLET and KORSAR codes (post-test cal-

culations for German and Russian experiments with the two codes and analysis

of the results)

- Provision of analysis simulators for the performance of accident analyses for

Russian NPPs with WWER-1000/W-320 and WWER-440/W-230 on Personal

computers using Windows. Steadiness enhancement and enlargement of the

application range for the WWER-1000 analysis simulator. Development of code

and data base and integration into the analysis simulator for WWER-
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440/W-230 as well as verification of operability carrying out practice-oriented

demonstration calculations.

- Development of the joint German-Russian code ATHLET/BIPR-WWER to-

gether with the "Kurchatov-lnstitute" Moscow and application of the coupled co-

de system to set up prerequisites for independent GRS calculations for steady

state core conditions and reactivity induced accidents in WWER reactors

- Adaptation of the KENOREST code to hexagonal geometries

2.2 Program of Work

2.2.1 Utilisation of ATHLET as a reference code in the KORSAR code development

2.2.1.1 Exchange of experience between GRS and OCRK in the field of ATH-

LET and KORSAR code development and validation

2.2.1.2 Uncertainty analysis for best-estimate computer codes

2.2.1.3 Realisation of comparative analyses using ATHLET and KORSAR co-

des

2.2.1.4 GRS participation in a standard problem on the PSB WWER experi-

mental facility

2.2.2 Development of analysis simulators for WWER reactors

2.2.2.1 Enhancements of the WWER-1000/W-320 analysis simulator

2.2.2.2 Development of a WWER-440/W-230 analysis simulator

2.2.3 Development of the joint code ATHLET/BIPR-WWER

2.2.3.1 Enhancements of computer codes describing WWER reactor physics

2.2.3.2 Development of the code interface and coupling

2.2.3.3 Contribution to the validation of ATHLET/BIPR-WWER

2.2.3.4 Preparation for validation report for ATHLET 2.0 with respect to WWER

2.2.3.5 Development and validation of methods aimed at the detailed calculati-

on of coolant parameter distribution (pseudo-3D) in the reactor and in steam

generators using ATHLET code components

2.2.3.6 Co-ordination and quality assurance

2.2.4 Documentation of the project results.

3 Experimental Facilities

- PSB-WWER, Integral test facility for WWER-1000, EREC, Elektrogorsk

-PKL
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-UPTF

4 Computer Codes

- Thermal-hydraulic computer code ATHLET

- Analysis simulator ATLAS

- Code package SUSA for uncertainty and sensitivity analyses

- Fuel element burn-up code KENOREST

- Thermal-hydraulic computer code KORSAR

- Thermal-hydraulic module CMS (Compressible Mixture Solver)

- Neutron physics computer code BIPR8

5 Progress to Date

ref. 2.2.1 In preparation for the planned uncertainty analysis for the PSB-WWER integral

test XT-3.0-02 the list of the parameters to be examined was prepared together

with Russian experts from the "Kurchatov institute" and from OCRK. Recom-

mendations for the initial uncertainty distribution of these parameters were dis-

cussed. It was recommended to include in the studies the new ATHLET con-

densation model, the T-Junction model and the Gidropress-CHF-correlation.

In the process of post-test calculations for the SBLOCA test XT-3.0-02 at the

PSB-WWER facility a new calculation was performed by Russian ATHLET

users taking into account the improvements in the data set jointly agreed in De-

cember 2003. In preparation for a working meeting in the GRS in October 2004

the calculation results obtained so far were summarized by the Russian experts

in a preliminary report IM.

Taking into account that this post-test calculation will form the basis for the abo-

ve mentioned uncertainty analysis during the meeting further investigations we-

re performed aimed at the optimization of the input data set (among others con-

sideration of the individual characteristics of the four coolant loops, more preci-

se modelling of the heat losses in the different parts of the plant). The compu-

ting time was reduced by a halve implementing small corrections of the test fa-

cility nodalization.

Furthermore the GRS participates with the ATHLET code in an international
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"Analytical Exercise" at the integral test facility PSB-WWER. The test data for

this exercise is provided in the context of the PSB-WWER project of the OECD.

The test simulates a primary to the secondary side leak DN 100 (break down of

steam generator collector lid) in a real WWER-1000 plant at a scaling of the

test facility of 1:300. As the first step a "blind" pre-test calculation is to be car-

ried out.

Within the reporting period the elaboration of a new ATHLET input data set for

PSB-WWER facility was started (independently of the work described above).

This data set for the latest ATHLET version 2.0 B was completed to about 35%

till the end of 2004.

ref. 2.2.2 Within the reporting period the development of the analysis simulator for

WWER-1000/W-320 was continued as scheduled. The modernisation of the

program basis of the simulator was basically completed.

The 4-loop-model for the WWER-1000/W-320 was adapted to the ATHLET pro-

gram version 2.0 A and tested. Extensions in the GCSM part were made for the

BRU-A controller and for the control of main steam isolating valves. The control

systems of the different channels of the safety system were separated and ad-

ditional components for interactive control during calculation were introduced.

The optimisation of models and settings of automatic controllers of the secon-

dary circuit as well as of protections and interlocks of the secondary equipment

inside the module CMS-3 was continued. The program interface for the coup-

ling of ATHLET with the module CMS-3 was extended corresponding to the

above mentioned extensions in the models. Two additional graphic schemes

for the user interface were created ("Primary circuit systems" - interactive and

"Overall plant scheme" - informative). Moreover, a draft programme for the

comprehensive function test of the simulator was compiled. The results of the

above mentioned tasks were summarised in the report 121.

For the continuation of the simulator development and testing three different

working versions of the analytical simulator were created on the basis of the

4-loop ATHLET model for the primary circuit:

- GeRuS A: with standard reactor model and without the new models of auxilia-

ry systems of the primary coolant circuit;

- GeRuS B: with standard reactor model and with the new models of auxiliary
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systems of the primary coolant circuit;

- GeRuS C: advanced reactor model with 4 parallel sections in lower and upper

plenum and with the new models of auxiliary systems of the primary coolant cir-

cuit.

The simulator version GeRuS A was tested for the following transients 12,1:

- disconnection of one of four main coolant pumps

- disconnection of one of two turbine feed water pumps

- closing of the turbine stop valves

- leak DN 50 from the cold leg of the reactor coolant line.

The simulator version GeRuS B (including the models of all control rod groups,

of the volume and boron control systems and of the residual heat removal sys-

tem 141) was tested for the following transients:

- Reactor power reduction from 100 to 90 and from 100 to 30 per cent by ma-

nual insertion of control rods

- Manual Boron supply into and extraction from the primary coolant system

- Cool-down of the primary coolant system using the emergency and residual

heat removal system in manual mode.

The conception for the analysis simulator for WWER-440/W-230 was changed

to the effect that that the secondary circuit will be modelled only simplified on

the basis of ATHLET and without the use of CMS.

ref. 2.2.3 The 3D-neutron physics code BIPR8KN for WWER, handed over by Kurchatov-

Institute in a PC version, was coupled in a first step with the ATHLET-version

1.2 E and tested for a WWER-440. Necessary program adaptations in Bl-

PR8KN for the coupling with ATHLET 2.0 were determined. The core model

was also transferred to a UNIX workstation.

After realisation of the program adaptations in BIPR8KN the coupled code

ATHLET 2.0 and BIPR8KN was provided by the Kurchatov-lnstitute and imple-

mented in GRS on PC. WWER-440 test calculations were successfully accom-

plished. With the test calculations for WWER-1000-Probleme some errors in

the program sequence were identified, which necessitate further program adap-

tations.

The V1000CT benchmark for a transient in a WWER-1000 plant is organised

by the OECD/NEA on the basis of the NPP Kozloduy-6, where measurements
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for several operational transients were accomplished. For the benchmark a

transient with re-connection of one main coolant pump in three loop operation

was selected. For the calculation of this transient with ATHLET a WWER-1000

reference input data set was adapted. In particular the nodalization in the upper

plenum region was changed to meet the flow conditions with three running

main coolant pumps and the boundary conditions of the plant transient were

adjusted. The results of the transient calculation with ATHLET and point kine-

tics were presented on a benchmark Workshop 151.

In a second step the modelling of the NPP Kozloduy-6 was improved. The

pressure distribution in the primary circuit was calibrated under nominal conditi-

ons; afterwards the partial load conditions were adjusted by means of power

decrease and disconnection of one main coolant pump. The steam generator

level controllers were adapted in order to establish the initial parameters as

measured in the plant. The transient was re-calculated using the modified ATH-

LET model. The results were analysed according to the benchmark specificati-

on and sent to the co-ordinator Penn State University. An evaluation for the

comparison of the computed results of all participants with the measuring data

will be provided by the co-ordinator.

In preparation for the ATHLET validation report for WWER, which is to be provi-

ded in the context of the program licensing procedure in Russia, during a wor-

king meeting in Germany newer ATHLET validation results were discussed with

and handed over to an expert of the "Kurchatov-lnstitute".

6 Results

ref. 2.2.2 Three working versions of the analysis simulator for WWER-1000/W-320 have

been created and partially tested.

7 Next Steps

ref. 2.2.1 The completing calculations for the PSB-WWER test XT-3.0-02 will be perfor-

med by the Russian experts. The existing draft report will be corrected accor-

ding to the final results and delivered to GRS. The uncertainty analysis for this

test will be performed using the final version of the ATHLET input data.

In the reporting period the comparative analyses using ATHLET and KORSAR
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codes for two German experiments at the test facilities UPTF and PKL 111 as

well as for a second PSB-WWER experiment (2*25% leak in the hot leg) could

not be started because of the still lacking export licences for the experimental

data. Upon the receipt of these licences and the delivery of the data the wor-

king schedule for the task 2.2.1.3 should be adjusted.

The "blind" pre-test calculation in the context of the OECD "Analytical Exercise"

will be completed, documented and delivered to EREC Elektrogorsk until mid of

March 2005. The realisation of the experiment is scheduled for end of March

2005. The next meeting of the OECD Review Group will finally decide wether a

post-test calculation phase will be organised in the framework of the "Analytical

Exercise".

ref. 2.2.2 In the context of the analysis simulator development for WWER-1000/W-320

the pictures for the graphical user interface and the verification of the simulator

for the agreed upon incident spectrum will be completed.

For the analysis simulator for WWER-440/W230 at first a six-loop ATHLET in-

put data set will be prepared for the reference NPP Kola-1 that includes the use

of an improved BOP library.

ref. 2.2.3 Upon obtaining the export licence for UPTF-TRAM test results for the experi-

ments C1 and C3 and data delivering to the Kurchatov-lnstitute the work sche-

dule for the task 2.2.3.5 should be adapted.

8 Relation with other Projects

RS941, RS 1003, RS 1109, RS 1113, RS 1140, RS 1144

9 References

IM Suslov A., L. Gilvanov, A. Moskalev, I. Parshikov, D. Soloviev

Post-test calculation for a leak in the cold leg of the test facility PSB-WWER

(Experiment XT-3.0-02) with the programme ATHLET (Draft - in Russian)

RRC "Kurchatov-lnstitute", Institute for Nuclear Reactors, Branch Centre for

Computer Programmes (OCRK), Moscow, 2004

121 Joukavin, A., O. Kovalevich, V. Maydanik, A. Prosvirnov, R. Fuks
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Interface ATHLET - CMS. Video-displays»,

General Energy Technologies (OAO «GET»), Moscow 2004

/3/ Kovalevich, A., V. Maydanik, A. Prosvirnov, A. Stepanov, R. Fuks

Theme: « Development of an analytical simulator advanced model for NPP with

reactor

WWER-1000/V-320 », Stage A6. «Testing of the 4-loops analytical simulator

W-320»

General Energy Technologies (OAO «GET»), Moscow 2004

IAI Kovalevich, A., V. Maydanik, A. Prosvirnov, A. Stepanov, R. Fuks

Theme: « Development of an analytical simulator advanced model for NPP with

reactor WWER-1000/V-320 »

Stage B1. «Creation of the new nodalization scheme with 4-sections upper and

lower reactor plenum and core»

Stage B2. «Improvement of the reactor control rod model. Modelling of all con-
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Stage B3. «Modelling of a reactor operation on low power levels»

Stage B4. «Amendment of controllers, protections and interlocks operation»

Stage B5. «Enhancement of an emergency cooling system and make-up sys-

tem models using»

General Energy Technologies (OAO «GET»), Moscow 2004

151 Langenbuch, S., K.-D. Schmidt, K. Velkov

Preliminary Results for Exercise 1 of V1000-CT Benchmark by GRS Applying

ATHLET Code, Second Workshop of V1000-CT Benchmark, Sofia, 4.-5.April
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General Aim

Within the framework of the reactor safety research sponsored by the BMWA,

the validation and the development in a parallel project of the Containment Co-

de System COCOSYS and the integral code ASTEC (Analysis Source Term

Evaluation Code) provide the analysis tools that have so far not been available

and are needed for a comprehensive simulation of severe accidents in light wa-

ter reactors; these codes will furthermore not only be able to describe important

individual phenomena close to reality but will also make it possible to show the

interaction between these phenomena as well as the overall behaviour of the

plant.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 COCOSYS is to allow the simulation (on the basis of largely mechanistic mo-

dels) of all relevant processes and conditions during the course of severe acci-

dents in the containment of a light water reactor, also covering all design basis

accidents. Within the framework of this project, COCOSYS will be validated in

detail.

The ASTEC integral code for the simulation of severe accidents (reactor coo-

lant system and containment), which is based on models that, compared to e.g.

COCOSYS, are partly simplified, is developed jointly with the French partner

IRSN (Institut de Radioprotection et de Sürete Nucleaire). This project will con-

centrate in particular on the validation of the code version ASTEC V1 that was
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improved and completed in the precursor project.

Apart from the pure validation activities that are mostly limited to one single

phenomenon or just a few phenomena, so-called application calculations will

increasingly be performed, i. e. calculations of accident sequences of certain

reactor types - such as KONVOI-type PWRs or model-year 72 BWRs - as the-

se are suited for the investigation in particular of the modelling of the different

interactions between phenomena.

2.2 Program of Work

2.2.1 Continuation of COCOSYS validation.

2.2.2 Monitoring of the ThAI experiments.

2.2.3 Application calculations.

2.2.4 ASTEC validation.

2.2.5 ASTEC application calculations.

2.2.6 Quality assurance and user support.

2.2.7 Documentation.

3 Experimental Facilities

The ThAI test facility plays a central role; here, thermal-hydraulics and iodine

experiments are carried out as part of the current experimental programme. In

addition, there are also all test facilities of which experiments from their experi-

mental programmes are used for the validation of COCOSYS and ASTEC,

such as the Superheated Steam Reactor (SSR) at Karlstein, the Finish VICTO-

RIA (aerosols) test facility as well as the two test facilities ACE-RTF (Canada)

and CAIMAN (France) (both iodine). The importance of the test facilities and

the test results dealing with the phenomenon of 'ex-vessel' melt behaviour will

rise in line with the progress made in the corresponding development project

RS 1139.

4 Computer Codes

Exclusively COCOSYS and ASTEC.

5 Progress to Date

ref. 2.2.1 a) ISP-47: COCOSYS
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The ThAI experiment TH13 is the basis of the second step of this ISP. The ex-

periment consists of 4 phases, in which steam or helium was injected or the

whole system re-established a thermal equilibrium.

During the review period, all experimental phases were initially calculated "blind-

ly"; after that, the experimental data for the first two phases were revealed to

the ISP participants, and phases 3 and 4 were once again calculated "blindly"

on the basis of these data. This procedure was necessary as inaccuracies of

the calculation, especially at the transition from Phase 2 to Phase 3, have a de-

cisive effect on the further course, especially the helium stratification in phase

3.

b) ISP-47: CFX-5

As apart from the formation and breakup of a light-gas layer the simulation of

the injection among other things is also of importance, the parties involved we-

re also interested in participating with an industrial CFD code in this ISP. This

promises to yield reliable results on the current possibilities and limitations of

the use of such CFD codes for reactor safety research (here containment).

For the blind phase of the ISP-47, CFX-5 calculations were performed. To start

with, the ThAI test facility was modelled as a symmetrical half cylinder. All acti-

ve injection pipes as well as the inner cylinder including the condenser plates

are covered by the model. The calculation grid has a total of 115,438 cells that

are largely structured. Only around the injection pipes have unstructured blocks

been formed for simplification.

For the ISP, CFX had to be modified by a wall condensation model as well as

by a model for the prevention of atmospheric oversaturation (volume condensa-

tion) in order to be able to model the relevant processed of the ISP. Initially, the

focus was on wall condensation. A corresponding model had been ported from

CFX-4 to CFX-5 by ANSYS/Harwell for the purposes of a different project. It

could now be tested as part of this ISP.

c) Melt spreading and relocation model LAVA

Within the 5th EC Framework Programme a benchmark for melt spreading was

performed in the former period. GRS has participated in this benchmark with

the spreading and relocation model LAVA being also part of COCOSYS. The

results were presented and discussed to a wide spectrum of experts at ICAPP
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2004/1/.

ref. 2.2.2 a) ThAI-TH10 test

Up to now it was not possible to perform satisfactory post-test calculations for

the HDR test E11.2 with COCOSYS. As the experimental boundary conditions

are not known completely the question stands, if principal limitations of the lum-

ped parameter approach and/or unclear boundary conditions are the reason for

the unsatisfactory calculations. For clearification the ThAI test TH 10 was per-

formed with clear boundary conditions in 2003 covering the main detailed phe-

nomena investigated in HDR E11.2. One of the main test results is the marked

helium stratification even after 14h.

This ThAI test is "blindly" calculated with COCOSYS. Several variations for no-

dalization and some parameters included the evaporation of condensated wa-

ter and a reduction of atmospheric flows. After the comparison between experi-

mental and calculated data, "open" post-test calculations are performed,

b) ThAI Iodine tests

In February 2004 the worldwide first iodine multi-compartment tests was perfor-

med in the ThAI test facility. This test was the first of a series of three tests

(ThAI lod-10,11 and 12). Main difference of these tests is the considerably va-

ried initial humidity. The objective of these tests is to measure transport, depo-

sition and resuspension of gaseous 12 under well defined thermal-hydraulic

conditions. The iodine distribution is measured in a five compartment geometry

with stratified atmospheric conditions at the beginning and later on mixed con-

ditions. GRS has performed numerous design calculations for all of these three

tests. In IOD-12, iodine behaviour with wall condensation was analysed. Apart

from the main sump, a flat sump was arranged at medium height inside the

vessel. To cover the inhomogeneities observed in the dome in earlier experi-

ments, the COCOSYS nodalisation was extended to a total of 50 zones.

ref. 2.2.3 a) Improvements of the KONVOI data set

With the already available KONVOI data set of approx. 150 zones, the models

existing in COCOSYS can also be tested in combination. More recent versions

of COCOSYS (from V2.0) showed instabilities as the routine for zero-point cal-

culation was modified by the halving of intervals, now testing the quality of the

zero point.
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b) COCOSYS-CFX-5 tandem calculation

Since COCOSYS does not dispose of its own sump model, so-called COCO-

SYS-CFX-5 tandem calculations are presently performed if detailed sump mo-

delling is required. To demonstrate general functionability, the flow in the con-

tainment sump of a KONVOI plant during sump operation following a 0.1 F sur-

ge line break was simulated. At the start of sump operation, the temperature

distribution calculated by COCOSYS was assumed. The position and size of

the inlet could only be estimated. This inlet stretched over a larger area in Sec-

tor B. It was assumed as an example that the sump recirculation pumps in Sec-

tors B and C were operating. The mass flow and the temperature of the inflowi-

ng water were taken from the corresponding COCOSYS simulation, too. The

period simulated was from 2,500 s until 5,000 s.

ref. 2.2.4 Participation in ISP-47

Within the framework of the participation in ISP-47 with ASTEC, the ThAI ISP-

47 experiment was precalculated with the new ASTEC Version 1.1, which was

released in mid-July 2004. In this calculation, the nodalisation prepared for CO-

COSYS was used. Following the revelation of the experimental data for phases

1 and 2, the entire experiment was calculated again. The good results of the

precalculation meant that there was no need for any changes to the nodalisati-

on. Only the exact initial and boundary conditions of the experiment were adap-

ted for the calculation.

b) Validation of the MCCI modules WEX and MEDICIS

For the validation of the WEX/MEDICIS MCCI modules of the ASTEC release

version 1.1, the following experiment recalculations were performed:

MEDICIS

BETA V5.2 and BETA V3.3: Repeat of the recalculation from the previous re-

porting period with a corrected code version of MEDICIS as a wrong calculation

of the CO2 release was found in the validation performed in the second half of

the previous year.

WEX

On the basis of parametrical recalculations of LACOMERA COMET-L1, new

parameters were defined for WEX for the improved description of the early pha-

se in a stratified MCCI pool and tested using the data from the existing, older
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experiments COMET H5 and BETA V5.2 (both FZK). Renewed validation of

WEX with these modifications has yet to take place.

ref. 2.2.5 Application calculations with ASTEC V1 for a KONVOI plant with a 200-cm2

leak

The new ASTEC version V1.1 revO was tested using the KONVOI data set for a

200-cm2 leak in the pressuriser piping section. Simulation of the fission pro-

ducts was postponed for the time being. Owing to the known portability pro-

blems between the LINUX and WINDOWS operating systems, the calculation

was run on both platforms. Emergency feeding was carried out with the help of

the high-pressure system, the accumulators, and the two low-pressure pumps.

For the representation of the ASTEC results, the already existing visualisation

with ATLAS of the containment was extended by a clear representation of the

primary system including the steam generators.

ref. 2.2.6 The feedback of experience, especially from external users, is an essential

aspect for the improvement of the overall COCOSYS code. During the period

under review, support was provided for Bochum Ruhr University (ISP-47, instal-

lation on a SUN workstation), Becker Technologies (thermal hydraulics, AFP),

LEI Lithuania (SPARC in connection with RBMK reactors), HEW (emergency

cooling systems) and FORTUM (hydrogen combustion with DECOR). This sup-

port provided important indications to existing weaknesses in the code (e. g. in-

stabilities upon the switching-over of pump system connections from 3- to

2-train configuration), which would hardly have been noticed if the code was

only used internally.

6 Results

ref. 2.2.1 a) ISP-47: COCOSYS

The evaluation of the calculations and the Workshop to present and discuss the

results will take place during the next review period, but the known results for

the phases 1 and 2 show an excellent agreement between experimental data

and calculated ones.

b) ISP-47: CFX-5

A mistake in the coding of the model prevented the realistic simulation of the

wall condensation process. As a result, only the first phase of the experiment
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(2,700 s) could be calculated reliably, and these were the only results that

could be submitted until the deadline expired at the end of September 2004. It

was not possible during the review period to test and implement another still

unavailable model on volume concentration,

c) Melt spreading and relocation model LAVA

For the safety assessment even of extremal conditions regarding melt sprea-

ding or relocation the models/codes CORFLOW, LAVA and THEMA are consi-

dered to be reliable.

ref. 2.2.2 a) ThAI-TH10 test

COCOSYS is able to predict the stratifaction between the higher and the lower

part of the test vessel quite well, but did not predict the marked stratification af-

ter 14 h. The reason is found in a weak, but continous homogenization of the

helium concentration caused by a fault in the COCOSYS diffusion model,

b) ThAI Iodine tests

The ThAI multi-compartment iodine experiments yielded so-far unique data on

12 behaviour in a large vessel with multi-compartment geometry. The calculati-

ons performed with COCOSYS AIM-F2 predicts the significant difference in the

iodine concentration between the upper dome region and the lower rooms in

the stratification phase. The large multi-compartment effects on the 12 beha-

viour that were observed, involving concentration differences of several orders

of magnitude, can also be expected in a real containment. It thus follows that

an exact calculation of the iodine source term is only possible in multi-

compartment calculations and that single-compartment calculations are not

conservative in many cases.

ref. 2.2.3 a) Improvements of the KONVOI data set

Following improvements in the area of surface temperature calculation during

condensation and further improvement of the data set, necessary CPU use was

considerably reduced. It is now also possible to apply this data set to coupled

ATHLET-CD/COCOSYS calculations,

b) COCOSYS-CFX-5 tandem calculations

In summary, it can be said that the temperatures in the sump suction chambers

are relatively low (< 97°C) during the period observed, showing two relative

maxima. The first lies at the beginning of sump operation, the second at ap-



2004 RS1147 8 /9

prox. 2,000 s. Although at this point in time the maximum is lower (94 °C), clog-

ging of the strainers cannot be excluded. Therefore a pressure drop at the strai-

ners has to be expected. At these two points in time the pumps are at an incre-

ased risk of cavitation.

ref. 2.2.4 a) Participation in ISP-47

Both the precalculation and the recalculation of the ISP-47 ThAI experiment

were concluded to schedule. The results of this ASTEC calculation showed far-

reaching agreement with the values calculated by GRS with COCOSYS.

b) Validation of the MCCI modules WEX and MEDICIS

While for the purely oxidic experiments of the ACE series there is satisfactory

agreement for both codes alike of the calculated pool temperature and erosion

with the experimental data, considerable uncertainties are attached to the cal-

culation of a stratified pool, as with BETA and LACOMERA-COMET. Here,

WEX tends to considerably overestimate axial erosion - which in these experi-

ments clearly dominates compared with radial erosion - for the initial phase,

while the calculated total erosion depth at the end of the experiment agrees

well with the experimental data. Using identical model parameters as in WEX, it

is not possible, however, to reproduce the comparatively fast erosion speed ob-

served in these experiments with MEDICIS. The reason lies in the self-adapting

modelling of the heat transfer between metal layer and concrete, which with a

calculated stationary crust is too little efficient.

With the improved parameters for heat transfer modelling in WEX during the

early phase, the experiments LACOMERA-COMET-L1 and COMET-H5 are si-

mulated with satisfactory agreement with the experimental results. For BETA

V5.2 there is now a moderate underestimation of the initial erosion compared

with the former clear overestimation.

ref. 2.2.5 Application calculations with ASTEC V1 for a KONVOI plant

It was possible to calculate the accident sequence with the modules CESAR

(cooling circuit thermal hydraulics), DIVA (in-vessel core meltdown) and CPA

(containment) under LINUX up until core meltdown at approx. 10,000 s. Test

runs involving injection with 4 pumps of the low-pressure system into the circuit

were unsuccessful owing to problems that occurred due to the associated mas-

sive entry of water. Under Windows, the accident sequence was only calcula-
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ted up until shortly after core uncovery, which means that the portability pro-

blem with Windows still remains.

7 Next Steps

ref. 2.2.1 The work will be continued as planned,

ref. 2.2.2 The work will be continued as planned,

ref. 2.2.3 The work will be continued as planned,

ref. 2.2.4 The work will be continued as planned,

ref. 2.2.5 The work will be continued as planned,

ref. 2.2.6 The work will be continued as planned.

8 Relation with other Projects

This project corresponds directly with project RS 1139 (Further development of

the simulation codes COCOSYS and ASTEC). It is furthermore related to pro-

jects performed by GRS concerning the development of codes for the simulati-

on of individual phenomena occurring in the containment during severe acci-

dents: RS 792A, RS 813, RS 847, RS 912, RS 979, RS 1042,RS .1099 and RS

1152.

There is a further relation to the analytic projects 1500905, 1500920A and

1500952 as well as the experimental projects 1500123D, 1500795, 1500798,

1500803, 1500824, 1500889, 1500890, 1500891 and 1501218. There is a tight

relation to the actual projects 1501272 (Thai II) 1501275 (ISP-47) and 1501263

(OECD MCCI).

9 References

F. Funke, G. Weber, H.-J. Allelein, T. Kanzleiter, W. Morell, G. Poss, Multi-
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06.1
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Method develepment for the modelling of human actions within the framework dynamic PSA of
level 1 and 2.

Methodenentwicklung für die Berücksichtigung menschlicher Eingriffe im Rahmen einer dyna-
mischen PSA der Stufen 1 und 2.
Arbeitsbeginn / Initiated

01.07.2002

Arbeitsende / Completed

30.06.2006
Berichtsdatum / Last Updating

11.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Gesellschaft für Anlagen- und Reaktorsicher-
heit (GRS) mbH
Leiter des Vorhabens /Project Leader

Peschke, Jörg
E-mail Adresse des Leiters des Vorhabens

Joerg.Peschke@grs.de

General Aim

Within the framework of the nuclear reactor safety research of BMWA and with

reference to the research topic "Probabilistic Safety Analysis" (PSA), methods

are to be developed for the performance of a dynamic PSA of level 1 and 2.

Aim of the project RS 1148 is the development of methods that permit the mo-

deling of actions of the nuclear power plant crew within the framework of a dy-

namic PSA.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Aim is the development of methods for the modeling of actions of the nuclear

power plant crew within the framework of a dynamic PSA. This should enable

the integration of human actions into the dynamic event trees. Result of the

project will be a module "Human Actions". It may be applied in combination with

the stochastics module MCDET developed under RS 1111 and the respective

dynamics model to generate dynamic event trees or dynamic sub-event trees

to selected aspects of a conventional PSA.

The module parts "Information, Influencing Factors, Communication" as well as

"Diagnosis, Procedures, Actions" and "Stochastics" will be developed in paral-

lel. Finally, a PSA relevant scenario will be selected and used to demonstrate

the applicability of the module "Human Actions" (Crew-Module).

2.2 Program of Work
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2.2.1 Information, Influencing Factors, Communication

Relevant indicators available to the crew, the corresponding instrumentation,

the influencing factors of the reliability of human actions and the relevant cha-

racteristics of the communication between crew members are to be compiled

and processed for their application within the MCDET-methodology.

2.2.2 Diagnosis, Procedures, Actions

Identification of the respective operating procedure and modeling of its executi-

on inclusive the development of an error-, error identification- and recovery mo-

del that observes the context with the modeled temporal evolution of the pro-

cess and system state.

2.2.3 Stochastics

Compilation of the stochastic elements of AP1 and AP2 and specification of the

corresponding random laws followed by their implementation into the stocha-

stics module MCDET.

2.2.4 Demonstration Case

Selection of a PSA relevant scenario to serve the demonstration of the applica-

bility of the Crew-Module and computation of its PSA contribution with MCDET,

followed by presentation and discussion of the results.

2.2.5 Documentation

Documentation of the elements of the Crew-Module, of its implementation in

the stochastics module MCDET and of its practical application to the selected

demonstration case inclusive the results achieved.

3 Experimental Facilities

none

4 Computer Codes

none

5 Progress to Date

ref. 2.2.1 The following statemants refer to working points 1 - 3 :

The human action model in this project assumes a reference plant and a refe-

rence case. The emergency measure "Pressure Relief and Injection of the Se-
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condary Side after Failure of Steam Generator Injection" for an advanced Ger-

man PWR-1300 was selected. For the analysis and assessment of the selected

case, experience from previous PSA by GRS may be used in this project.

As an important problem, the method of human reliability assessment has to be

formalized in a way, that it can be integrated automatically in the simulation of

the accident sequences produced by MCDET.

The information- and manual operation equipment in the control room was

compiled. The information equipment is used to get the necessary information

of process quantities and alarms. The manual operation equipment in the con-

trol room is used to execute changes on system components. The information-

and manual operation equipment has to be modelled in a way, such that it cor-

responds to the information available from the deterministic code and to the

system components which were in the respective code, which simulates the dy-

namic process. Additionally an assessment of the working condition

(ergonomics) of the control room was performed.

The work flow of the crew members is described in a first step. This includes

- the communication between crew members, which may be an important factor

to cope with the underlying accident

sequence and

- situations where errors from one operator may be detected by other crew

members.

Factors are identified which influence the human reliability given the conditions

of the reference plant and case (for instance ergonomics ,stress, rule based ac-

tions etc.)

An important topic, which turned out to be a problem, was the selection of a

model to quantify human error probabilities depending on several factors such

as stress, ergonomics etc. The HCR (Human Cognitive Reliability) -model was

proposed first.

The simulation of interactions between human activities and the process of

technical systems require information about the time needed for the human ac-

tivities and about the time when the respective activity starts. These times have

to be considered in the simulation process. The time information is given by

probability distributions, which have to be assessed for the respective human
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activities.

A specific concept for the Crew-Module was developed, which has to be imple-

mented in a way, that it can be easily integrated into the MCDET-program.

According to the concept of the Crew-Module several elements are necessary

which have to be combined in an appropriate way. The main elements are so

called "scripts" and "program routines". "Scripts" may be defined as listings of

information and rules, which describe the process of human actions of the

emergency measure which has to be modelled. The task of the "program routi-

nes" is to read and process the information of the "scripts" and to integrate this

information into the MCDET-methodology.

A computer-code of the Crew-module concept is developed.

ref. 2.2.2 see ref. 2.2.1

ref. 2.2.3 see ref. 2.2.1

6 Results

ref. 2.2.1 The HCR-model was proposed as a quantification model for human error pro-

babilities which are used within the MCDET calculations.

Unfortunately it turned out, that the probabilities of the HCR-model can not be

used within the MCDET methodology. The reason is, that the probabilistic inter-

pretation of the HCR-probabilities does not allow to use these probabilities in a

plausible way for probabilistic dynamic calculations. An explicit discussion of

this problem is given.

Instead of using a time-related quantification model of human error probabilities

(like the HCR-model) a task-related quantification Model (like THERP or ASEP)

is more suitable for a dynamic PSA.

7 Next Steps

ref. 2.2.1 The model development of the human process and the computer-code deve-

lopment of the Crew-Module concept is continued. The MELCOR-code, simula-

ting the physical process, has to be adapted to developed model of the man-

machine process.

8 Relation with other Projects
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none

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

It is the goal of this project to develop computer code models which are appli-

cable in a fuel rod code for the analysis of LOCA and RIA transients. This pro-

ject relies on the developmental work done in the successor project RS 1117

(Fuel Rod Behaviour Under High Burn-up). Selected models of the fuel rod co-

de TESPA-ROD will be provided with an enhanced level of sophistication. The

model development will be finalized with an integral code validation based on

related tests. This validation process includes beside others the experimental

results from the CABRI test facility. Furthermore, it is the goal of this project to

develop methods which allow the determination of the core damage extent du-

ring LOCA at a given confidence level. The determination of the confidence le-

vel will utilize the GRS method SUSA. The SUSA method is designed to quan-

tify both the uncertainty and sensitivity of model parameters and model ass-

umptions.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The GRS code SUSA should be utilized for the quantification of both the uncer-

tainty and sensitivity of model parameters applied in TESPA-ROD. The purpo-

se of the SUSA utilization is to determine a core damage extend under LOCA

with TESPA-ROD at a predefined confidence level.

2.1.2 The international discussion on fuel rod behaviour under RIA und LOCA transi-
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ents is focused on high burn-up issues. It is intended to evaluate these results

from the international discussion in order to reflect this in adequate modelling of

the high-temperature oxygen up-take and hydrogen up-take models applied in

the code TESPA-ROD.

2.1.3 The power history of a fuel rod prior to the transient under consideration has an

impact on certain fuel rod parameters which are relevant for the fuel rod beha-

viour under the transient condition. It is intended to quantify such fuel rod para-

meters more realistically and therefore based on the individual fuel rod power

history.

2.1.4 The fuel rod code SCANAIR has been particularly developed by IPSN/IRSN for

the analysis of RIA transients. It is intended to utilize this code as reference co-

de for the code TESPA-ROD in order to verify the modelling capabilities of TE-

SPA-ROD and if necessary to improve the modelling performance of TESPA-

ROD.

2.2 Program of Work

2.2.1 The first task (AP 1) comprises activities related to the interface between the

SUSA code and the TESPA-ROD code. It includes the identification of relevant

model parameters, the quantification of scatter bands of model parameters, the

determination of the peaked power profile from a given neutronic calculation,

and the optimization of the core representation by thermal-hydraulic channels

in the thermal-hydraulic code.

2.2.2 The second task (AP 2) summarizes activities which are related to the interna-

tional discussion on the fuel rod degradation in the high burn-up regime. The

gained knowledge will be transformed into models for the fuel rod code. In par-

ticular the knowledge about the strength of the cladding after both the oxidation

and the hydrogen up-take of Niobium-containing cladding will be evaluated. Al-

so the knowledge about corroded cladding with heterogeneous accumulation of

hydrides will be evaluated under the aspects of high temperature creep and

burst (ANL LOCA tests). This evaluation might result in a multi-layer cladding

model to be implemented into the fuel rod code TESPA-ROD. Furthermore, the

development of a modelling concept for the axial fuel relocation during LOCA is

intended. This concept will include the effect of thermal response from neigh-

bouring fuel rods. It is expected that this work will support the assessment of
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the core coolability during LOCA.

2.2.3 During the successor project RS 1117a fission gas release model into the co-

de TESPA-ROD has been implemented. This model conservatively predicts the

rod internal gas pressure for normal operation depending on the burn-up level

only. Because the internal pressure depends also on the power history, a fur-

ther model development is requested in order to improve the predictive capabi-

lity. The same applies for the decay heat generation which also depends to a

certain extent on the power history. Therefore, the third task (AP 3) is to deve-

lop an efficient method for the evaluation of the individual fuel rod power history

of a fuel rod in order to reach a fast and best-estimate prediction for both fission

gas release and decay heat generation. This method will be qualified on the ba-

sis of the related fuel rod code TRANSURANUS. The decay heat generation

will rely on the DIN 25 463.

2.2.4 The international CABRI project provides failure limits for high burn-up fuel rods

under RIA conditions. The first two tests in the CABRI sodium test loop serve

as reference tests for the subsequent tests which will be accomplished in a wa-

ter test loop. Because TESPA-ROD has a broadened applicability towards RIA

condition, it is intended in the fourth task (AP 4) to perform post test analyses of

these tests with TESPA-ROD. The predictive capability of TESPA-ROD regar-

ding highly corroded fuel rods will be measured by the comparison with post

test analyses of less corroded rods. Similar post test calculations will be perfor-

med with the CABRI project code SCANAIR. The adequacy of TESPA-ROD

models will be assessed based on these SCANAIR reference analyses.

2.2.5 Documentation.

3 Experimental Facilities

The CABRI Test Facility provides test data for the RIA tests. ANL and Halden

publish test data for LOCA transients.

4 Computer Codes

TESPA-ROD has been developed in the successor project RS 1117. This code

predicts the extent of core damage for LOCA conditions. The predictive capabi-

lities of the TESPA-ROD code models will be further improved. By means of
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the GRS code SUSA-PC sensitivities und uncertainties of the code TESPA-

ROD will be quantified. The code SCANAIR is particularly developed for the

post test analysis of the CABRI tests results and therefore used as the refe-

rence analysis for TESPA-ROD. The strength of the TRANSURANUS and

FRAPCON codes are the prediction of fuel rod parameters for normal operati-

on.

5 Progress to Date

ref. 2.2.2 The ANL data from the ring compression tests on oxidized cladding tubes

which have been conducted by ANL from 2003 to the middle of 2004 have be-

en analysed. These data from the ANL investigations show substantial diffe-

rences from the test data obtained in the seventies'. The in-depth analysis aims

at identifying the reasons for the differences that might be attributed to changes

in the experimental approach or instrumentation, changes in the material pro-

perties or differences in the interpretation of the test results. It has been review-

ed if the recent ANL findings show new phenomena which might result from the

cladding material in use today.

ref. 2.2.3 In order to measure the impact of the power history on the fuel rod parameters

like internal fuel rod pressure, the fuel rod code FRAPCON-II has been prepa-

red and first analysis undertaken. The FRAPCON-II code preparation compri-

ses

a) adaptation of the ODE-solver,

b) renewal of the input structure,

c) implementation of a new file structure and

d) conversion from British units to Sl-units.

ref. 2.2.4 Starting with input data produced for the RepNa4 test by the fuel rod program

TOSURA, post test calculations were performed with SCANAIR code for Rep-

Na1, RepNa8 and RepNalO tests. Calculations were discussed and compared

with respect to their significance for structural mechanical behaviour of the cl-

adding. The time step management has been adapted and its performance has

been controlled visually. Meshing has been varied and examined. All relevant

physical parameters have been plotted and consistency has been checked.
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The 11. meeting of CABRI-TAG group for planning the experimental program

was held 17.-18. Nov. 2004 in Garching /TAG-04/

6 Results

ref. 2.2.2 The detailed analysis of the ANL data shows that a simple explanation of the

measured data by theoretical reasoning is not possible when standard refe-

rence material properties are used. In this case the only option left is the inter-

pretation of the measured data on the basis of a higher degree of detailing. Mo-

re detailed modelling requires additional parameters that are searched for at

the time being. Solid arguments explaining the differences of ANL data from the

data obtained in the seventies have not yet been identified.

ref. 2.2.3 The discrete presentation of power histories for the input deck of the FRAP-

CON-II code is not user-friendly because of the different discretization rules to

be obeyed by the user. Beside this the FRAPCON-II code has proven to be an

efficient analysis code even for complex power histories. The development of a

response surface based on the FRAPCON-II code results appears to be unne-

cessary.

ref. 2.2.4 Post test calculations performed for RepNa tests with differing half pulse width

and differing deposited energy show qualitatively and quantitatively plausible

results for the structural mechanical parameters. Within the context of the

SCAN AIR modelling, calculations of the cladding hoop strains and the deforma-

tion energy densities appear to be plausible. It appears that the SCAN AIR code

reaches its performance limit if RepNa test runs to be considered with high

burn-up effects.

7 Next Steps

ref. 2.2.2 In order to obtain improved models and develop reliable criteria for brittle failure

it is intended to simulate the ANL test data with the help of structural analysis

codes. By comparing calculated data based on material property variation with

experimental data from the ANL tests, it is aimed at developing improved pro-

perty models accounting for oxygen and hydrogen up-take.

ref. 2.2.3 It is intended to up-grade the FRAPCON-II code to the latest version. Further-

more the development of a tool which provides an automatic input data genera-
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tion from given power histories is planned.

ref. 2.2.4 For further SCAN AIR calculation of RIA tests the TOSURA software is envisa-

ged be used in order to calculate burn-up dependent input data. A literature

survey is envisaged in order to identify material properties for high burn-up con-

ditions.

8 Relation with other Projects

The project under concern is related to the projects:

RS 1074, Development tasks for ATHLET

RS 1111, Probabilistic dynamics

RS 1117, Development of methods for the analysis of the fuel rod behaviour in

the high burn-up regime
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1 General Aim

An objective of the BMWA reactor safety research is the improvement of simu-

lation methods. This project improves the nuclear analysis methods for high

burnup, the use of MOX fuel and the actinide burning in LWR.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The objectives are the further improvement of the burnup and nuclide inventory

code KENOREST for high burnup, the use of MOX fuel and actinide burning in

LWR. In addition, the GRS programme package for neutron fluence calculati-

ons should be extended by DORT and qualified.

2.2 Program of Work

2.2.1 Improvement of the GRS burnup and nuclide inventory code KENOREST.

2.2.2 Investigation of actinide burning in LWR.

2.2.3 Implementation of DORT in the burnup code system.

2.2.4 Implementation of DORT in the GRS code package for neutron fluence calcula-

tions.

2.2.5 Qualification of the improved nuclear code package.

2.2.6 Documentation.

Experimental Facilities

None.
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4 Computer Codes

DOORS (DORT, TORT). KENOREST, ANITABL, GRSAKTIV

5 Progress to Date

ref. 2.2.1 The reactivity and nuclide inventory code KENOREST / 1 , 2/ was improved by

updating its nuclear data libraries and by implementing a radial multi-region

model for the fuel pellet. The nuclear data library GRS-ORIGEN-X was updated

for actinides, fission products and structure materials to achieve a unified and

more detailed description of possible reactions. Basis of the update were the

data libraries published by NEA JANIS. The number of decay and neutron re-

actions for each isotope was increased to describe without restriction all reacti-

on channels. For more than 20 isotopes the fission yields were specified, and

the energy range was extended up to 20 MeV. The documentation of the GRS-

ORIGEN-X data library was updated for the new status.

A radial multi-region model was implemented in KENOREST to model the radi-

al flux distribution and the spectrum changes within the fuel pellet. The model

option can be chosen by input for any fuel rod within the assembly. KENO-

REST with the multi-region option was applied for a series of test cases. As in-

tegral test case the BWR-MOX-fuel assembly defined as OECD benchmark ca-

se was calculated and the KENOREST results were compared with results

from other participants.

ref. 2.2.2 The 2D neutron transport code DORT was applied for various fuel assembly

configurations. The necessary steps to integrate DORT into the KENOREST

code package were investigated.

ref. 2.2.5 An KENOREST input dataset was prepared to perform calculations for the

OECD fuel cycle benchmark problem 12,1 based on experimental nuclide inven-

tory data obtained from fuel of a Japanese PWR.

6 Results

ref. 2.2.1 The updated data library GRS-ORIGEN-X is available for burn-up and nuclide

inventory calculations. The option of a radial multi-region model for the fuel pel-

let is implemented in the KENOREST code for reactivity and nuclide inventory
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calculations. The model option was checked by various test cases including the

OECD BWR-MOX fuel assembly.

ret. 2.2.5 For fuel assemblies without Gadolinium no relevant changes were calculated

by the multi-region option. For fuel assemblies with Gadolinium the increase of

the multiplication factor during Gadolinium burn-out is not obtained as high as

calculated by other codes, but for higher burn-up better agreement with results

from other codes was observed.

7 Next Steps

8 Relation with other Projects

RS1074, RS1128

9 References

/1/S. Langenbuch, U. Hesse, K. Hummelsheim, W. Zwermann

Reaktorphysikalische Untersuchungen und Methodenentwicklung für neue Ein-

satzstrategien zum Abbau von Plutonium in LWR

GRS-A-3082, Dez. 2002

121 U. Hesse, S. Langenbuch, W. Zwermann

Nuclear Codes and Data Libraries at GRS for Reactivity and Nuclide Inventory

Calculations

EUROSAFE, Paris, Nov. 25-26, 2003

/3/ Depletion calculation Benchmark Devoted to Fuel Cycle Issues

Specification for Phase 1

NEA/NSC/DOC(2004)11

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The analysis simulator ATLAS will be extended towards the spectrum of adap-

tability regarding complex analysis requirements, e.g. level 2 PSA, accident

management and uncertainty analyses. The extension will address 3 focal

points with the common goal to enhance the efficiency and reliability of the ana-

lyses.

The first focus is the general diagnosis of transients by a classification system

based on neural nets. This will allow for a better estimation of initial and boun-

dary conditions for the calculations. The second point will focus on the accele-

ration of the simulation models used in ATLAS. In order to reach this aim two

different methods will be employed, the parallel execution of independent cal-

culations in a computing cluster and code enhancement by optimization and

software parallelization. The third point will address the development of additio-

nal analysis support tools including an information module, a transient related

visualization library and a tool for the simulation of accident management pro-

cedures.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Diagnosis of transients

The ALADDIN method developed at the Halden Reactor Project will be adap-

ted. The method is based on neural nets that will be trained by different transi-

ent patterns (simulated and recorded transients) belonging to different classes.
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For the learning phase the necessary calculations are performed with the sys-

tem code ATHLET. In the validation phase untrained transients will be used to

confirm that the diagnosis system is able to classify these transients correctly

and to investigate, which time frame will be needed for the diagnosis.

2.1.2 Acceleration of simulation speed

The computing time of ATHLET-CD may go far beyond real time for several

transients. The increase of the simulation speed of ATHLET will be realized by

parallel execution of routines in the program based on a code analysis and pro-

filing. The parallelization will employ standard software for shared and distribu-

ted memory systems.

In particular for uncertainty analyses and for the training of the neural nets a

large amount of transient simulations is required. The execution of these weak-

ly coupled calculations will be speeded up by an automated distribution of the

simulation jobs on a computer cluster. As the data transfer between the jobs is

low and calculations run independently, the possible speedup will be close to

the number of the available processors in the cluster.

2.1.3 Development and integration of additional analysis support tools

For the simulations of transients and the post calculation of events the assess-

ment of the course of important process values is necessary. The understan-

ding of the plant behaviour and the interrelations may be difficult because of the

high complexity and the numerous feedbacks. Support can be given during the

simulation by information components and special tools, which will enhance the

quality of the analysis.

2.2 Program of Work

2.2.1 The ALADDIN method developed at the Halden Reactor Project will be applied

and the necessary calculations, needed for the learning of the transients, will

be performed with the system code ATHLET.

2.2.1.1 Getting into the methods and the application of ALADDIN

Organization of transient classes and results, data management, adaptation of

ALADDIN to ATHLET.

2.2.1.2 Pre-processing of the time series

Adaptation of the wavelet method for ATHLET, compression of the time depen-

dent data to values that can be used in ALADDIN.
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2.2.1.3 Training of the neural net

Definition of transient and incident categories, execution of reference calculati-

ons for each category, additional transients with variations of disturbances and

boundary conditions, training of the neural net with measured transients.

2.2.1.4 Validation of the diagnosis system

Simulation of transients and data creation that were not learned, validation of

classification certainty, check of influence of different modelling options.

2.2.2 The experience of the past has shown, that the increase of computer power will

be used up by more complex models in the simulation process. Especially the

simulation of accident sequences requires high computational times. The situa-

tion is even worse in case of uncertainty analyses with the need of many similar

simulation runs. Therefore the work is directed towards the speedup of a single

simulation run and the concocurrent execution of simulations in a cluster.

2.2.2.1 Acceleration of ATHLET-CD

Analysis of program structure and data flow between the sub models, imple-

mentation of parallelization instructions, test of deviations and performance on

a parallel machine.

2.2.2.2 Parallelization of simulation jobs on a heterogeneous cluster computer

Realization of a virtual cluster computer based on WINDOWS, development of

an interactive user interface for managing the cluster.

2.2.3 The main ideas for the development of additional analysis support tools are ba-

sed on experiences during the application of ATLAS. The availability of these

tools will lead to a more efficient analysis with higher quality.

2.2.3.1 Information module with integrated search and navigation features

Introduction of a thesaurus of common names of important simulation varia-

bles, supply of a picture navigation and description system, development of an

information module for important process values and systems .

2.2.3.2 State and transient oriented picture library

Generation of special pictures related to global system values and events and

partly automated activation.

2.2.3.3 3-dimensional graphics

Extension of the ATLAS picture description language for 3-D graphics and dy-

namics, transfer of these functions to OpenGL.
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2.2.3.4 Access to the plant documentation

Integration of a document management system, context sensitive access to the

related documents.

2.2.3.5 Handling of large quantities of data

Intelligent data storage concept, usage of a hierarchical storage manager.

2.2.3.6 Support of conditional interactive control actions

Trigger of control actions by process states, interactive user interface for defi-

ning the logic and the setpoints for the actions.

3 Experimental Facilities

None

4 Computer Codes

- ATHLET

- ATHLET-CD

-COCOSYS

-SUSA

5 Progress to Date

ref. 2.2.1 2.2.1.1: With the support of the OECD Halden Project the required input data

and interfaces for the training of the neural net in ALADDIN were specified.

2.2.1.2: A program for the conversion of the ATHLET data to the required for-

mat was developed.

2.2.1.3: Relevant transient categories for German LWRs were selected and cal-

culated by ATHLET with varied boundary conditions. The results were fed into

ALADDIN for the training of the neural net.

2..2.1.4: The training phase was followed by a validation of the neural net with

additional transients.

ref. 2.2.2 2.2.2.1: The causes of the deviations and errors in the OpenMP version of

ATHLET could be identified. Global variables were declared as threadprivate in

order to avoid "race conditions". For this reason a new compiler version had to

be employed. Additional effort was invested in the optimization of the load ba-

lancing of the threads and the investigation of the concurrent memory access in
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order to gain further speedup.

The calculation of the Jacobian matrix was identified as a part of ATHLET sui-

table for parallelization by MPI (Message Passing Interface) for clusters with

distributed memory. An initial version was implemented and tested on a LINUX

based cluster.

ref. 2.2.3 2.2.3.4: ATLAS was extended by methods to interactively access computerized

documentation. The picture definition language APG now allows the combinati-

on graphic elements and hyperlinks to documents (html-, pdf- and doc- format).

In addition short help may be displayed as a "tool tip". The access to a docu-

ment management system (e.g. the GRS-portal) is realized by a related hyper-

link to the internet.

2.2.3.6: Conditional interactions, i.e. the definition of simplified operational pro-

cedures, were implemented. The definition of trigger signals and the Boolean

combination may be performed interactively while the simulation is running

("online"). By the procedure definition a matching logic diagram is generated

automatically. The state of the procedural steps, the trigger signal values and

the limits are visualized in the diagram.

6 Results

ref. 2.2.1 The neural net performs very well in the recognition of the trained transient ca-

tegories, even in the case of strong variations of the boundary conditions and

the introduction of additional faults in the transient course. Untrained cases are

correctly identified as unknown. The required time to recognize the transient is

pretty low.

ref. 2.2.2 The parallel version of ATHLET based on OpenMP now generates the correct

results. It was tested on a IBM 16 processor machine with shared memory and

the computing speed could be increased by 50% compared to the standard

version. The speedup scales very badly with the number of used processors.

The supposed reason may be the simultaneous access of the same memory

locations by the threads. Some further investigations and optimizations are ne-

cessary. These tasks will be given priority because the theoretical speedup in

the MPI version will not exceed 100%.

ref. 2.2.3 Additional information required in reactor safety analysis (e.g. plant manuals) is
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available in form of electronic documents. These may be accessed and sear-

ched directly during the simulation.

The simulation can be controlled according the operating procedures without

changes in the code input data. Interactively defined procedures may be stored

as special pictures for subsequent reuse.

7 Next Steps

ref. 2.2.1 Continuation of development according to the working plan,

ref. 2.2.2 Continuation of development according to the working plan,

ref. 2.2.3 Continuation of development according to the working plan.

8 Relation with other Projects

RS 1126, RS1139

9 References

None

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

Within the BMWA's research on reactor safety, with the focus on "Transient

analysis and accident sequences", computer codes for the analysis of incidents

and accidents are being developed to describe the behaviour of individual parts

of the reactor plant in a very detailed and mostly realistic way, such as the be-

haviour of the containment and its structures. In this context, GRS developed

the Containment Code System COCOSYS, which is being used internationally

by a large number of institutions. Actually COCOSYS describes the following

the following phenomena, important for severe accident analysis: Thermohy-

draulics, hydrogen burn processes, aerosol physics, behaviour of radioactive

fission products including iodine chemistry, interactions between core-melt, re-

leased into the containment, with underlying concrete (MCCI) as well as the re-

lease of radioactive material from the core melt.

Analyses for a German PWR of the Konvoi series revealed still existing defi-

ciencies in the simulation of single interactions. This concerns especially the

pressure driven release of molten core material from a failed reactor pressure

vessel into the containment. It is foreseen to extend the COCOSYS abilities to

the simulation and calculation of the local consequences of such a pressure dri-

ven release of core material into the compartments of PWR- and BWR-

containment.

After the completion of this development it will be possible to perform closed

calculations with the code package ATHLET/ATHLET-CD in combination with

COCOSYS for a total severe accident sequence from the initiating event via the
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failure of the reactor pressure vessel until the core-concrete-interaction.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 The main objective of the intended work in this project is the extension of CO-

COSYS in such a way, that beginning with the release of core material imme-

diately after a local failure of the reactor pressure vessel, continuing with with-

drawal of the released particles due to the flow caused by resulting pressure

differences and their deposition in neighbouring compartments, via their heat

exchange with the atmospheric gas, until chemical reactions of the particles

with constituents of the atmosphere can be simulated. From this objective diffe-

rent work packages could be defined for the extension of COCOSYS to the de-

scribed phenomena.

For the formulation of these single objectives the inclusion of the existing basis

of knowledge is supposed, as first being important parts in the computer codes

RUIPUICUV and CONTAIN and secondly obtained from various experiments

performed in the United States for high driving pressures in the reactor pressu-

re vessel an from German experiments in FZK for moderate pressure levels.

2.2 Program of Work

2.2.1 Description of the flow from the reactor pressure vessel

The modelling of the regime and of the duration of the particle release from the

RPV-leak on the floor of the reactor cavity is important for the evaluation of lo-

cal loads and partly for the integral loads of the containment, too.

2.2.2 Evaluation of the airborne partition of melt particles entrained into the reactor

cavity

In the computer code CONTAIN as well as in the module RUIPUICUV of the in-

tegral code ASTEC a number of correlations for the "entrainment" - that means

for the dispersion of melt particles into the cavity atmosphere - are included.

From these correlations - supported by American experiments for KONVOI-ne-

ar cavity geometries (e.g. Calvert Cliffs) and by the results from German FZK-

experiments of the DISCO - series - the optimum correlation for these geome-

tries is will be chosen. The required coefficient then will be adequately derived.
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2.2.3 Development of the algorithm for the calculation of the depletion of the melt

particles

In addition to the evaluation of the airborne part of the melt particles the corre-

lations for their capture on structure surfaces until their depletion on the com-

partment floor are to be evaluated for German plant geometries and component

situations. The following topics have to be considered: First the particles flight

time until their drop on the floor ends their stay in the atmosphere is of primary

importance. Secondly correlations for the simulation of the impingement of the

particles on obstacles (as structures or components) in the flight path exist to

describe the interrupt of their airborne existence due to their drop down on hori-

zontal surfaces.

2.2.4 Implementation of the correlations decribing the melt behaviour in COCOSYS

After the completion of the workpackages 1 to 3 - crucial for the concept of the

work - the system of equations and correlations describing the release into and

the behaviour of core melt in the compartments of the containment has to be fi-

xed and to be integrated into the solution algorithm of COCOSYS. Following

test calculations will prove the quality of the chosen solutions and of the resul-

ting extension of the code.

2.2.5 Calculations accompanying the DISCO-experiments

It is foreseen to perform accompanying calculations for already conducted ex-

periments as well as for new planned ones. This will be done in addition to the

calculations in the frame of optimizing the chosen correlations for core melt re-

lease into the containment. In the first phase here the CONTAIN code will be

applied. After the completion of the COCOSYS-extension this new tool will re-

place CONTAIN in this project.

2.2.6 Documentation.

3 Experimental Facilities

US-american experiments e.g. at SANDIA National Laboratories

DISCO-C- und DISCO-H-experiments of FZK in Karlsruhe, Germany

4 Computer Codes

The Containment code system COCOSYS is being developed by GRS in order
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to obtain a computer code on the basis of mechanistic models that is as reali-

stic as possible. It is to model all important phenomena that are relevant in an

LWR containment during an accident sequence, but the code is also to allow

the analysis of DBAs (Design Basis Accidents). After the completion of this pro-

ject the code is able to take into account the fast processes due to a pressure

driven core melt release from failed reactor pressure vessel into the cavity of a

reactor containment in addition to the phenomena already embedded.

For the description of core melt release in the American containment code

CONTAIN 2.0 - its further development meanwhile came to an end - a remarka-

ble number of correlations and sets of coefficients are enclosed. These are rat-

her numerous and derived for specific (US) reactor plants. Therefore it is fore-

seen that for German/European plants a selection of one or a small number of

correlation(s) will be ascertained, which will be embedded into COCOSYS after

a scrutinised check and following adaptation with use of relevant experimental

data.

The formulation of core melt release into the containment as it is contained in

the American code MELCOR does not cover all relevant phenomena. Here the

release and the distribution of the melt particles in the compartments of the

containment is not automatically calculated, but has been predefined in the in-

put. This restriction inhibits the use of MELCOR in the project.

The correlations and algorithms for melt release into the containment contained

in the RUIPUICUV-part of ASTEC will be considered in the process, too.

5 Progress to Date

ref. 2.2.2 The CONTAIN input data for the calculation of the DISCO-H02-experiment ha-

ve been used to develop a set of input data for the code RUPUICUV. In the in-

tegral code ASTEC the program RUPUICUV is a - rather restricted and simpli-

fied - French approach for the description of the release of core melt into the

containment. First test calculations have been performed.

ref. 2.2.3 A rather detailed analysis on the deposition behaviour of the airborne melt par-

ticles (trapping) in the zones of the containment using the CONTAIN models

has been performed in a first stage. The geometric data of the DISCO-ex-
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periment have been used for this evaluation.

ref. 2.2.4 Necessary code packages describing the extension of COCOSYS on the phe-

nomena relevant for the release of core melt into the atmosphere have been in-

ternally documented for the following phenomena: Data concept for melt partic-

les and melt constituents, melt and melt/steam flow out of the pressure vessel

leak into the cavity as well as kinetics of the chemical reactions between metals

and oxigen respectively steam. Additionally the organisational concept of the

COCOSYS-extension has been developed.

ref. 2.2.5 In an early first approach a set of coefficients had been developed for the CON-

TAIN modelling of the DISCO-H02-experiment. Unfortunately a non-acceptable

inaccuracy for material data of thermite (density of aluminiumoxide) has been

discovered after this work.

6 Results

ref. 2.2.2 First test calculations with the French code RUPUICUV (description of the re-

lease of core melt into the containment within the integral code ASTEC) did not

give results, which can be expected from an engineering point of view. The ent-

rainment of melt particles into the atmosphere of the cavity was too small. Con-

tact to French scientists - responsible for the RUPUICUV-code - gave, that a

corrected new version of the code shall produce better results. Information on

the necessary changes of the coding and the data by IRSN is underway.

ref. 2.2.3 Comparison of the CONTAIN-models relating to the deposition behaviour of the

melt particles in the zone atmospheres: GFT (drop out of particles due to gravi-

ty) and TOF/KU (particle flight time until first impact on a structure) as well as a

user defined trapping rate of 100 s-1 did not result in remarkable different times

the particles remained airborne.

ref. 2.2.4 A preliminary completion of the necessary descriptions is foreseen before the

first programming work, which will be begun in the second quarter of 2005.

ref. 2.2.5 The correction of the too small density of Aluminium oxide (factor 10 too small)

in the CONTAIN-DCH-input has been realised. Subsequently a new develop-

ment of the set of DISCO-H02 coefficients for the CONTAIN-models was ne-

cessary. This work is underway.
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7 Next Steps

ref. 2.2.2 New calculations with the adjusted coding will allow an extended comparison of

the French correlations with the CONTAIN-approaches. The choice of one or

more entrainment correlations for COCOSYS can then be performed on a broa-

der base.

ref. 2.2.3 Further need of more detailed analysis have been identified for the following to-

pics: Applicability of the models and parameters on particle trapping - derived

from small scale experimental devices - for real reactor plants. A further topic is

the description of melt particle loaded gas flow and the particle deposition in

narrow gaps and in ventilation ducts and channels. Here the applicability of the

CONTAIN approaches has to be proven.

ref. 2.2.5 The proof of the quality of these new coefficients will be performed by the appli-

cation of the coefficients on the DISCO-H03-experiment to assure the applicati-

on of this set of coefficients for further calculations.

8 Relation with other Projects

RS 1139, RS 1147.

9 References

None.

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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General Aim

The structure mechanics analysis method for the assessment of piping sections

and vessel joints consisting of weld connections between ferritic and austenitic

pipe or nozzle segments is to be developed further and qualified as part of the

reactor research sponsored by the BMWA focusing on "integrity and reliability".

The findings concerning the properties of the joined materials, obtained from

material-mechanical investigations, are to be taken into account. The planned

work is to include the identification of relevant influencing parameters that may

lead to a loss of integrity. This is to be done in special parameter studies. Due

to the sometimes rather high uncertainties in connection with the characterisati-

on of these material areas, the analysis method is to include distribution functi-

ons for certain material parameters. Furthermore, the residual stresses induced

by the welding process are of importance and should be duly considered in the

analysis method.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Uncertainties in the assessment of cracks in dissimilar welds can mainly be put

down to the variance of the material properties - especially fracture toughness -

in the various different material areas and to the assumption of residual stres-

ses induced by the welding process. In this context, suitable approaches are to

be applied to consider distribution functions for these parameters and to exami-
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ne together with various different postulated crack sizes the influence on the in-

tegrity assessment. The fracture mechanics analysis method developed by

GRS within the framework of project RS 1056 is to be further developed to take

material inhomogeneities into account as well. By simulation of past experi-

ments with the help of refined procedures on the basis of the finite-element me-

thod, the analysis methods used are to be verified for the special conditions in

dissimilar welds. There is to be an international exchange of experiences with

regard to analysis methods and application calculations as part of the involve-

ment in the NESC-III (Network for Evaluating Structure Components) working

group.

The following items were specified to achieve the objectives:

2.2 Program of Work

2.2.1 Post-calculation of selected experiments on piping with dissimilar welds.

2.2.2 Extension of the fracture mechanics analysis method to take material inhomo-

geneities into account.

2.2.3 Extension of the analysis method to consider distribution functions for material

properties, welding-induced residual stresses, and crack sizes.

2.2.4 Calculations regarding the large-scale experiment of EdF, participation in the

NESC III working group.

2.2.5 Project management, documentation of the results.

3 Experimental Facilities

none

4 Computer Codes

For the development of the analysis models, the calculations and the analysis

evaluation the structure mechanics analysis chain of GRS based on the finite-

element code system ADINA including pre- and post-processors are used on a

workstation cluster. For fracture mechanics analysis the special purpose GRS

program JCALC and the R6-procedure are available. For probabilistic structural

calculation the GRS program PROST is used.

5 Progress to Date
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ref. 2.2.1 The developed 3d finite element (FE) model of a pipe (external diameter 453

mm, wall thickness 51 mm) with a dissimilar weld and a notch in the buttering

near the boundary to the ferritic part, which was investigated by EdF in Fontain-

bleau in the framework of a bending test, was refined in the crack area for addi-

tional fracture mechanics analyses.

The available simplified analysis methods are applicable on welds with only two

different material regions and cannot be applied directly to the assessment of

dissimilar welds between a ferritic and an austenitic pipe.Therefore a flexible

axisymmetric FE-model with a circumferential crack of variable depth at the in-

ner surface near the boundary between weld and a base material was develo-

ped, which can be used for problems with a simple weld up to a dissimilar weld.

Comparative analyses have been started for tasks which can be resolved also

with simplified methods. Step by step the complexity of the problems will be in-

creased especially concerning the number of material regions with different ma-

terial properties and concerning the loading conditions, to investigate the resul-

ting differences in the integrity analyses.

ref. 2.2.2 The implementation of a correction factor in the J-integral for the consideration

of material inhomogeneities in the GRS program JCALC was started. For tes-

ting the axisymmetric FE-model developed in working point 1 is used.

ref. 2.2.3 The limit loads of dissimilar welds calculated with the developed FE-model are

used in the probabilistic analysis tool PROST (Probabilistic Structural Calculati-

on) developed by GRS to investigate the influence of distributions in material

properties on the leak and fracture probabilities.

ref. 2.2.4 3d fracture mechanics analyses were performed on the EdF experiment with

consideration of the measured material properties. Intermediate analysis re-

sults were summarised in a contribution to the meeting of the NESC III working

group in March 2004.

6 Results

ref. 2.2.1 For selected problem cases first comparative analyses show that the damage

loads calculated with simplified methods range about 15-20% lower than the

values calculated with the finite element method. The results confirm for the se-
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lected problem cases that the simplified methods are conservative,

ref. 2.2.4 With the complex 3d-FE-model the pipe with the dissimilar weld and the outside

notch, tested at EdF, the crack loading due to increasing bending load was in-

vestigated first without consideration of crack growth. The crack growth which

was determined in the experiment due to partial unloading was considered by

an analytical correction of the calculated J-integral. With the corrected J-

integral values a crack resistance curve for the pipe was estimated, which coin-

cides well with resistance curves from small scale specimen.

7 Next Steps

ref. 2.2.1 Further comparative analyses with increasing complexity concerning number of

material regions and loading conditions.

ref. 2.2.2 Investigations of the effects of different angles between crack planes and boun-

daries between different materials.

ref. 2.2.5 Preparation of the final report

8 Relation with other Projects

1501245: Investigations into the manufacturing-related formation of defects in

dissimilar welds.

9 References

none

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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01.1.6
Förderkennzeichen / Project Number

RS1154
Vorhaben / Project Title

Further Development of the Structure Mechanics Analysis Method for the Determination of the
Integrity of Prestressed Concrete Containments

Weiterentwicklung der Analysemethodik zur Bestimmung der Integrität von Sicherheitsbehäl-
tern aus Spannbeton
Arbeitsbeginn / Initiated

01.05.2003

Arbeitsende / Completed

30.04.2006
Berichtsdatum / Last Updating

02.03.2005

Fördernde Institution / Sponsor

BMWA

Land/Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Gesellschaft für Anlagen- und Reaktorsicher-
heit (GRS) mbH
Leiter des Vorhabens /Project Leader

Sievers, Jürgen, Dr.
E-mail Adresse des Leiters des Vorhabens

Juergen.Sievers@grs.de

General Aim

The analysis method for the determination of the integrity of prestressed-concre-

te containment structures, which is based on finite elements, is to be further de-

veloped, using the results of large-scale experiments, as part of the reactor re-

search sponsored by the BMWA focusing on "integrity and reliability". The aim

is to improve the accuracy of the analysis method with regard to the simulation

of the deformation behaviour of concrete structures with consideration of prest-

ressing and reinforcement by carrying out analyses with respect to relevant ex-

periments. Furthermore, as regards structure mechanics, the conditions for

leak rate calculations are to be improved.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 For the verification of the structure mechanics analysis methods developed fur-

ther within the framework of the project, experiment results from various diffe-

rent test facilities are to be used. Relevant in this connection are the experi-

ments carried out on reinforced-concrete blocks at Karlsruhe University, the lar-

ge-scale experiment with the prestressed-concrete model containment at Ci-

vaux (scale 1:3, wall thickness 1:1), and the large-scale experiment performed

at SAN DIA involving a prestressed-concrete containment with steel liner (scale

1:4).

The following items were specified to achieve the objectives:
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2.2 Program of Work

2.2.1 Development of an analysis module for the determination of the local crack

openings and of through-wall cracks in concrete structures.

2.2.2 Development of structure mechanics analysis models of the reinforced-concre-

te blocks examined in the experiments at Karlsruhe and Kaiserslautern Univer-

sities.

2.2.3 Performance of structure mechanics analyses relating to the reinforced-concre-

te blocks examined in the experiments at Karlsruhe and Kaiserslautern Univer-

sities.

2.2.4 Development of structure mechanics analysis models (axisymmetric/3D) for the

SANDIA large-scale experiment

2.2.5 Performance of structure mechanics calculations for the large-scale experiment

at the SANDIA model containment (participation in the International Standard

Problem ISP 48).

2.2.6 Re-calculation of the experiment at the MAEVA model containment and compa-

rison of analysis results and measured data.

2.2.7 Project management, documentation of the results.

3 Experimental Facilities

none

4 Computer Codes

For the development of the analysis models, the calculations and the analysis

evaluation the structure mechanics analysis chain of GRS based on the finite-

element program ADINA and the pre- and post-processing programs ADINA-IN

/-PLOT are used on a workstation cluster.

5 Progress to Date

ref. 2.2.1 Available literature on the topic crack openings in concrete was evaluated. The

development of a model to simulate crack formation and quantification of crack

opening was started.

ref. 2.2.2 Flexible analyses models (2d, 3d) to simulate the experiments with concrete

blocks performed at University of Karlsruhe were developed.
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ref. 2.2.3 First calculations to simulate the crack formation in reinforced concrete blocks

tested at University of Karlsruhe have been performed with the developed ana-

lysis models.

ref. 2.2.4 A 3d analysis model (90°) without wall penetrations of the SANDIA 1:4 model

containment was developed.

ref. 2.2.5 Comparative analyses with the axisymmetric and the 3d analysis models wi-

thout wall penetrations were performed.

The calculations of case 1 within phase 3 of ISP 48 was completed and the

work on case 2 was started.

ref. 2.2.7 In the framework of participation in ISP 48 the calculated results were presen-

ted and discussed at the experts meeting on March 19, 2004. A review of the

CSNI-draft-report on Phase 2 of ISP 48 was performed and corrections were

proposed.

In the conference contributions IM, 121 and /3/ GRS results were presented to

international experts.

6 Results

ref. 2.2.2 With the developed modeling technique studies on the influence of mesh refi-

nement can be performed. Special elements to simulate the connection bet-

ween steel elements and concrete can be included.

ref. 2.2.4 The first 3d-analysis model of a 90° section of the SANDIA model containment

has about 250.000 degrees of freedom. The concrete is approximated by volu-

me elements and the rebars as well as the tendons by truss elements. Further

the liner is included by shell elements. At the present stage a stiff coupling bet-

ween steel and concrete is simulated.

For the calculations within phase 3 of the international standard problem ISP

48, which includes two loadcases with combined mechanical and thermal

loads, axisymmetric analysis models were developed. Temperature dependent

material properties are considered.

ref. 2.2.5 The comparative analyses show that the vertical displacements in the dome

area of the model containment can be simulated satisfactorily only by the 3d

model. This effect is mainly due to the complex structure of the tendons in the

dome area, which can not be approximated well in an axisymmetric model.
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The calculations of the loadcase with pressure and temperature gradients in

the wall (phase 3 of ISP 48) show much larger loading of the structure in terms

of strains than in the case without temperature gradients at the same pressure

levels (phase 2 of ISP 48). The temperature gradients effect compressive stres-

ses near the inner surface and tensile stresses near the outer surface. The de-

velopment of micro-cracks starts near the outer surface.

7 Next Steps

ref. 2.2.2 Development of a methodology to determine local crack opening in concrete

ref. 2.2.4 Development of 3d detail models for wall penetrations

ref. 2.2.5 The work on phase 3 of ISP 48 will be finished.

8 Relation with other Projects

RS 1093 Calculation of the mechanical behaviour and the leak rate of a prest-

ressed-concrete containment under severe accident conditions

1501063 Investigations into the leaking behaviour of reinforced-concrete walls

- Leak in a reinforced-concrete containment -

9 References

IM Strukturmechanische Analysen zu einem Großversuch an einem vorge-

spannten Stahlbetonsicherheitsbehälter, Konferenzbeitrag "Jahrestagung Kern-

technik", Mai 2004

121 Structure simulation of a pre-stressed model containment, 30th MPA-Se-

minar, Stuttgart, October 2004

/3/ Structural mechanics simulation of SANDIA large scale experiments on a

pre-stressed concrete containment model, EUROSAFE 2004, Berlin, Novem-

ber 2004 (www.eurosafe-forum.org/grs/de/index.htm)

10 Degree of Availability of the Reports

GRS, Research Management Division, Cologne
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Validation of the Advanced Computer Code System
ATHLET/ATHLET-CD

Validierung des weiterentwickelten Rechenprogrammsystes ATHLET/ATHLET-CD
Arbeitsbeginn / Initiated

01.07.2003

Arbeitsende / Completed

30.06.2006
Berichtsdatum / Last Updating

16.02.2005

Fördernde Institution / Sponsor

BMWA

Land / Country

DEU
Bewilligte Mittel / Funds

Auftragnehmer / Zuwendgsempf. / Contractor

Gesellschaft für Anlagen- und Reaktorsicher-
heit (GRS) mbH
Leiter des Vorhabens /Project Leader

Steinhoff, Fritz, Dr.
E-mail Adresse des Leiters des Vorhabens

Fritz.Steinhoff@grs.de

General Aim

Evaluation of international research projects as well as validation of the advan-

ced system code ATHLET/ATHLET-CD by analyses of separate effects and in-

tegral tests with extended range of application. The separate and integral ef-

fects tests including e.g. boron dilution accidents, melting of PWR or BWR core

structures and transport of fission products are mainly specified in the ATHLET/

ATHLET-CD validation matrices.

2 Particular Objectives and Program of Work

2.1 Particular Objectives

2.1.1 Validation of the computer code ATHLET.

2.1.2 Validation of the computer code ATHLET-CD.

2.1.3 Participation in working groups attending experimental research projects in

view of the validation of the computer code system ATHLET/ATHLET-CD.

2.1.4 Validation of the code ATHLET-CD by external institutions.

2.1.5 Establishing of summarising reports.

2.2 Program of Work

2.2.1 Calculations for ATHLET validation.

2.2.2 Calculations for ATHLET-CD validation.

2.2.3 Participation in working groups attending experimental research projects.

2.2.4 Co-ordination of external ATHLET-CD validation activities.

2.2.5 Establishing of summarising reports.
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3 Experimental Facilities

none

4 Computer Codes

System code ATHLET/ATHLET-CD with extended range of application and the

ATHLET-module FLUBOX 2D/3D.

5 Progress to Date

ref. 2.2.1 The first post test calculation of the test UPTF TRAM C3, run 13a (mixing of dif-

ferently borated respectively temperated water mass flows, formation of a ther-

mal layer near the cold leg nozzles) with the ATHLET-module FLUBOX 2D/3D

was documented /RIN 04/ and the recalculation with the new FLUBOX 2D/3D

version (turbulence model) started.

The post test calculation of the integral test PKL III E2.2 (small leak in cold leg,

injection of high and low pressure pumps into cold leg 1 and 2, secondary side

cooldown at 100 K/h) with ATHLET was continued with parameter calculations

as to fit the calculated to the experimental discharge mass flow of the depres-

surisation phase and to examine the influence of the condensation factor

CMUC2 (input value) on steam condensation during the refill phase. Further-

more the influence of the modified routines DFKME and DGCOEV (transfer of

the steam produced on hot structures just below the water level directly to the

steam volume above the water level, to prevent this steam from condensation

by cold ECC-water below) was investigated, for what the mixture level model

had to be activated in the upper head and upper plenum input. The PKL III E2.2

calculation was completed with the documentation of the results of the parame-

ter calculations and the final calculation with optimised parameters /STE 04/.

The post test calculation of the integral test PKL III E2.3 (small leak in hot leg 1,

secondary side cooldown at 100 K/h, injection of high pressure pumps into hot

leg 1 and 3, hot leg injection of 4 accumulators) with ATHLET was commenced

with the preparation of the input deck, simulation of a zero-transient for the ad-

justment of single phase natural circulation in the primary system and simulati-

on of the pre-test phase with reduction of the primary coolant inventory by ope-
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ning of two hot leg leaks and adjustment of the reflux condenser mode for pro-

duction of condensate. The two leaks opened in the experimental pre-test pha-

se are modelled in the input deck by one "large" break area, which has to be

downsized at the begin of the main-test phase, when in the experiment the

smaller leak had been closed. A suitable "area enlargement factor" for the si-

mulation of the "large" break area, which considers the two leak areas of the

pre-test phase, had to be determined, varying the "area enlargement factor" in

the band from 1,5 to 2,1.

ref. 2.2.2 In the period under review the following post test calculations of bundle experi-

ments have been performed with ATHLET-CD /ERD 04a, ERD 04b, ERD 04c,

AUS 04a, AUS 04b/:

PHEBUS SFD C3+: This test enables investigation of the UO2/Zircaloy reacti-

on within a ZrO2 shell above 2000 K under in-reactor conditions in the absence

of the complicating factors seen in the C3 test. A specific feature of the test is,

that a planned contact between cladding and fuel pellets had been brought

about by raising the pressure in the flow channel from ~6 bar to -35 bar before

the melting temperature of zircaloy was reached. The intention of the post test

calculation was, to simulate melting and relocation of fuel material.

PHEBUS SFD B9+: This experiment gives well-qualified reference data on ear-

ly phase bundle degradation in the absence of absorber materials, under nucle-

ar heated conditions. It was selected for ISP-28. For the actual post test calcu-

lation the same nodalisation scheme was applied as for the PHEBUS SFD C3+

calculation.

PHEBUS SFD AIC: PWR control rod failure and spreading/interaction of the

absorber material (Ag, In, Cd) is studied at temperatures low enough to prevent

fuel reactions. Thus, PWR absorber effects can be studied in isolation, under

in-reactor conditions. For the actual post test calculation the same nodalisation

scheme was applied, as for the PHEBUS SFD C3+ and PHEBUS SFD B9+ cal-

culations.

PBF SFD 1-4: Early degradation phase of a fission heated PWR bundle (28

fuel rods, 26 with high burn up, 4 absorber rods) is studied under a high system

pressure and very high temperatures (> 2800 K). The power increase results in

core dry out and failure of cladding. For the actual post test calculation the no-
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dalisation scheme, developed in the earlier project RS1100, was improved.

QUENCH 08: The test was performed to investigate oxidation (H2-generation)

and degradation of a pre-oxidised LWR fuel rod bundle at high temperatures

and cooling with steam. The test QUENCH-08 without a B4C absorber rod was

performed as a reference test for QUENCH-07 with an absorber rod to study

the impact of an absorber rod on oxidation during the early phase of bundle de-

gradation. For the actual post test calculation a similar nodalisation scheme

was used, as for QUENCH-07 and QUENCH-09.

The test calculation of the "in pile" bundle experiment NRU FLHT-5 was prepa-

red. This test gives unique data on early phase melt progression in a PWR

bundle under in-reactor conditions with a full-length bundle, which allows to stu-

dy freezing and remelting of metallic crusts. The test has reasonably well-

controlled boundary conditions. The radial heat losses, which are very high,

were considered in the input deck,

ref. 2.2.3 Participation in meetings and conferences:

42nd and 43rd AG PKL III meeting, Erlangen, 31.03.2004 and 01.12.2004.

In the meetings the boundary conditions of the experiments PKL III F1.1 and

F1.2 were specified and the results of experiments PKL III F1.1, F1.3 and F1.4

were discussed. The draft version of the final PKL III E-project report was re-

viewed, and modifications were recommended.

Appraisal of the DRAFT Summary record of the Experts Group Meeting on the

ROSA Thermal-Hydraulic Project, HSE-NII Headquaters, London, 21-22 April

2004 and of proposals of the JAERI ROSA team for the new OECD ROSA

Thermal-Hydraulic Project.

In the framework of this experimental project the following topics are proposed

for investigation: 1.) Temperature stratification in horizontal leg during cold EC-

CS coolant injection, 2.) Unstable and destructive phenomena such as water

hammer, 3.) Experiments simulating transient and SBLOCA without scram, 4.)

Natural circulation with superheated steam, 5.) Primary cooling through secon-

dary depressurization, 6.1) Upper head break, 6.2) Lower head break, 6.3) Lar-

ge break, direct contact condensation, 6.4) SBLOCA, AM.

Nuclear Safety Research Conference (NSRC), 25.-27.10.2004, Washington,

DC, USA.
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The NSRC-conference conveyed a compact overview on the main focus of re-

actor safety research in USA.

10th Meeting of the Programme Review Group (PRG) of OECD/NEA/CSNI,

27.-29.10.2004, Washington, DC, USA. In the PRG-meeting the need for the

maintainance of test facilities for code-validation, proposals for joint OECD-

projects and other actions in the scope of CSNI were discussed.

10th International QUENCH Workshop, 26.-28.10.2004, Forschungszentrum

Karlsruhe.

For this workshop a presentation of post test calculations of QUENCH-expe-

riments was prepared /ERD 04d/. In these calculations the newly extended mo-

del for the interaction of B4C-absorber material and the steel tubes of the con-

trol rod has been applied, by what a rather good agreement with the experi-

mental results was achieved.

2nd colloquy of experts for the advancement and validation of reactor safety

codes, 26.11.04, GRS-Cologne. For this colloquy papers with the topics "Simu-

lation of transients, leakages and accident sequences without core damages"

and "Simulation of processes in the pressure vessel with core damages" (both

in German) were prepared.

Phebus Meeting, 2.-5.11.04, Aix en Provence.

In the meeting post test calculations of the experiment FPT-2 with ICARE,

MELCOR, SCDAP and ATHLET-CD as well as predictions of the experiment

FPT-3 were discussed.

Observation of the 5th and presumably the last PHEBUS-experiment FPT-3 of

the FPT-test series at Cadarache, 18.11.2004.

This sole experiment with a B4C-control rod was run as planned until the begin

of the last power increase. Then minor modifications of the power addition had

to be performed. The evolution of the axial temperature profile of the bundle

was accomplished as planned, alike the intended temperature escalation. A

first analysis of the test should be available until February 2005.

ref. 2.2.4 Utilisation of the report /STE 01/ of the external ATHLET-CD user "Ruhr-

Universität Bochum" concerning post test calculations of the integral tests CO-

RA 5, PHEBUS SFD B9+, PHEBUS FPT0, LOFT LP-FP-2, CORA-17, CORA-

33 and the separate effects test STORM SR11 (deposition phase).
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Assistance of the external ATHLET-CD user "Ruhr-Universität Bochum" in the

recalculation of the integral test LOFT LP-FP-2 and the reactor accident TMI by

correction of code errors, control of input decks, modelling of core blockages

and interpretation of computed results.

ref. 2.2.5 Establishing of the interim report (GRS-A-report) summarising the ATHLET-CD

calculations performed within the project RS1155 from July 2003 until Decem-

ber 2004 (QUENCH-07, QUENCH-08, QUENCH-09, PHEBUS SFD C3+, PHE-

BUS SFD B9+, PHEBUS SFD AIC, PBF SFD 1-4) has been started.

6 Results

ref. 2.2.1 The first results of the recalculation of the experiment UPTF TRAM C3 with the

new FLUBOX 3D version (turbulence model) show, that in some downcomer

sections the calculated temperatures have already approached the measured

ones, e.g. in the downcomer section outside the injection plume below the cold

leg nozzle. For a further reduction of the remaining deviations probably the dis-

cretization scheme has to be improved.

The parameter calculation for the main phase of the experiment PKL III E2.2

with the modified routines DFKME and DGCOEV (direct transfer of the steam

produced on hot structures just below the water level to the steam volume abo-

ve the water level, to prevent this steam from condensation by cold ECC-water

below) resulted in pressure and liquid level histories, which are too low in com-

parison to the measurements. This means that the short-term code modificati-

ons were not as effective as expected and the condensation factor CMUC2=1,0

E-15 has to be applied any longer. The calculation using the optimised parame-

ters (discharge factor 0,65; condensation factor CMUC2=1,0 E-15) gave a sa-

tisfactory agreement between the calculated and measured primary side pres-

sure and the collapsed liquid levels in the rod bundle vessel. In agreement with

the experiment the natural circulation started in the loops without ECC-in-

jection, but considerable deviations are observed in the loops with ECC-in-

jection. Because of the new Boron measurement system mounted at the cold

legs of the 4 PKL loops, the boron transport model in ATHLET could be valida-

ted for the first time. All in all the agreement between the calculated and the

measured boron histories are acceptable, but when natural circulation starts,
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the calculation produces some extremely high boron peaks, which are not con-

firmed by the experiment.

The result of the parameter calculations for the pre-test phase of the experi-

ment PKL III E2.3 was, that only with the "area enlargement factor" 1,9 an ac-

ceptable agreement between the calculated and measured primary side pres-

sure, the liquid levels in the rod bundle vessel and the loop mass flows can be

achieved. In accordance with the experiment natural circulation is maintained

and increased in the loops with high pressure injection into the hot legs and

breaks down in the loops without high pressure injection. For the 10260 s of the

pre-test period a CPU-time of about 248 h was consumed on the LINUX-cluster

of the GRS. Therefore, parameter investigations for the improvement of the pri-

mary and secondary side fluid temperatures and the liquid levels in the loops

are restricted due to this long CPU-time.

ref. 2.2.2 In the post test calculations with ATHLET-CD the following results have been

obtained:

PHEBUS SFD C3+: Altogether the calculated and measured results agree very

well, especially the results relating to the temperature behaviour (see fig. 1) and

formation as well as relocation of melt. A considerable deviation of -40 % was

calculated for H2-production during the first experimental phase. This deviation

was caused by imprecise modelling of the radial heat flow through the insulati-

on of the flow channel.

PHEBUS SFD B9+: In the recalculation of the test PHEBUS SFD B9+ the de-

viation between the calculated and measured H2-production could be reduced

to ~3 % compared with the measured value (see fig. 2). In an earlier PHEBUS

SFD B9+ calculation within the project RS1100 this deviation was still -37 %

and in the last PHEBUS SFD C3+ calculation -40 % (see above). The reason

for this considerable improvement is an enhanced modelling of the radial heat

flow through the insulation of the flow channel. The temperature peaks caused

by oxidation, calculated at the begin of temperature escalation are not so pro-

nounced as in the experiment.

PHEBUS SFD AIC: During the steam injection phase the calculated temperatu-

res in the test bundle are generally in a very good agreement with the measure-

ments. As the PHEBUS calculations above (SFD C3+, SFD B9+) also the actu-
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al calculation had encountered difficulties during the period of zirconium/steam

reaction. The main reason was insufficient knowledge of the heat flow resistan-

ce of the structures surrounding the flow channel. But by reasonable assumpti-

ons for the boundary conditions, the temperature histories of the oxidation pha-

se could be simulated sufficiently well, in particular the time point of the tempe-

rature peak (see fig. 3). In the calculation a H2-mass of -12,5 g was produced,

however viable experimental data are missing for comparison.

PBF SFD 1-4: Based on reasonable assumptions the agreement between the

calculated and the measured temperature histories is good or even very good.

The oxidation process and H2-production could be simulated in a satisfactory

areement with the experiment. The total H2-mass (97 g) calculated with ATH-

LET-CD at the test end lies within the uncertainty bound of the "on-line" measu-

rement (98 +28/-5 g) and in the upper range of the collector tank measurement

(86 ±12 g). Compared to the calculation in the earlier project RS1100 the mass

of molten material at the end of the experiment is now bigger. ATHLET-CD cal-

culated a molten fuel rod mass of 2,8 kg, which is about 15 % of the initial in-

ventory and approaches the experimental value of 18 %. To some degree the

relocation of molten material in the bundle could be simulated satisfactorily. Be-

cause of sparse experimental data regarding the release of fission products

and absorber materials only a restricted comparison is possible. The available

experimental values and the calculated values do not deviate so much (see fig.

4). Considering the partial pressures of the absorber vapours (NMODI=8 in fig.

4) in the corresponding model, the release of absorber materials under high

pressure conditions was calculated more realistically than using CORSOR-data

(NMODI=7 in fig. 4) before.

QUENCH 08: Overall agreement of the calculated and the experimental results

is good. At the begin of the post test calculation the simulation of the destinct

temperature plateau forming in the pre-oxidation phase was insufficient. But

now, after extensive work has been performed by the development group, the

agreement is good and also the subsequent temperature escalation is reprodu-

ced by ATHLET-CD with adequate accuracy. Contrary to the QUENCH-

07-calculation, which had been done at the begin of the project RS1155, the

agreement between the experimental and the calculated H2-production histo-
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ries is now far better. Also the extent of core destruction is well simulated, as

far as this can be evaluated. The experimental data interpretation by the experi-

menters is incomplete yet.

ref. 2.2.3 The appraisal of the "DRAFT Summary record of the Experts Group Meeting

on the ROSA Thermal-Hydraulic Project" yielded, that the proposed OECD RO-

SA tests are of partial interest for ATHLET-validation because of their objecti-

ves, the new measuring instrumentation (non-condensable gas detector, video-

probe) and the code validation criteria "different test facility, different scaling".

In the context of the proposed project are similar tests: topic 1) UPTF-TRAM

C1, C2, C3; topic 2) HDR COCO; topic 3) LOBI A2-90, LOBI BT-03, BETHSY

A9.4, LOFT L9-3; topic 4) UPTF TRAM D; topic 5) several BETHSY- and PKL

Ill-tests.

ref. 2.2.4 The external ATHLET-CD calculations documented in /STE 01/ have shown,

that the models for the simulation of the influence of absorber materials on the

bundle melting process, the interactions of B4C/stainless steel and stainless

steel/zircaloy, the dissolution of ZrO2 by molten cladding material, the oxidation

of melt and stainless steel and the simulation of quench processes should be

developed or improved, if already implemented. A part of this mentioned work

has already been done, but for the BWR-specific models further development

activities are required

ref. 2.2.5 The results of the ATHLET-CD calculations for the tests QUENCH-07,

QUENCH-09, PHEBUS SFD C3+, PHEBUS SFD B9+, PHEBUS SFD AIC ha-

ve already been documented in the interim report.

7 Next Steps

ref. 2.2.1 Continuation of the UPTF-TRAM C3-recalculation with FLUBOX 3D (actual co-

de version with turbulence model) and of the PKL III E2.3-calculation with ATH-

LET.

Participation in the OECD bench mark calculation of the test PKL III E3.1

(3/4-loop operation) with ATHLET.

ref. 2.2.2 Calculation of the bundle tests NRU FLHT-5 and PHEBUS FPT-3 with ATH-

LET-CD

ref. 2.2.3 According to scheduling of the working groups attending experimental research
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projects

ref. 2.2.4 Assistance of external ATHLET-CD users will be continued

ref. 2.2.5 Establishing of the interim report (GRS-A-report) summarising the ATHLET-CD

calculations performed within the project RS1155 from July 2003 until Decem-

ber 2004 will be finished.

8 Relation with other Projects

1501241, RS 1126, RS 1141, RS 1143, RS 1144, RS 1145
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Fig. 1: Measured and calculated fuel temperatures in the range with the highest tempe-
ratures (test PHEBUS SFD C3+)



Fig. 2: Measured and calculated H2-production (test PHEBUS SFD B9+)



Fig. 3: Measured and calculated fuel temperatures in the range of the temperature
peaks (test PHEBUS SFD AIC)

Fig. 4: Release rates (in %) of fission products and absorber materials (test PBF SFD
1-4)
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