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FOREWORD 

The SOAR on BWRS was proposed in the OECD/CSNI THSB Task Group meeting in July 
1993 and was approved and endorsed by PWG-2 and CSNÎ in their respective meetings at the end 
of 1993. 

The stability issue in BWR plants involves a variety of disciplines. It can be dealt with at 
different levels in the technology, ranging from fundamental studies up to countermeasures to be 
undertaken by the reactor operators. A number of diversified competences are necessary. 

In this framework, Organizations in the nuclear technology covering each relevant role 
like reactor vendor/designer, utility, regulatory body, research and university, enthusiastically 
responded to the OECD proposal and have been directly involved in the activity. A consistent 
group of scientists was set up in early '94 and completed the work in a two years period. 

The first step of the activity involved the identification of the all relevant technology areas 
concerned with stability. A comprehensive, though not systematic literature survey followed that 
led to the proposal of chapters and Lead Authors and Contributors, 

In order to emphasize that the BWRs operation is stable, the word "Stability" was included 
in the title of the report, though situations of "Instability " are mostly discussed and characterized 
throughout the report. 

Eight chapters covering subjects like outline of BWR plant features, description of the 
stability events, experiments, codes, core monitoring and licensing have been distinguished, 
addressing the mentioned subjects directly. 

For the issue of the SOAR on BWRS, a number of activities recently completed in the frame 
of OECD were of benefit, like the set-up of the SOAR on TECC and of the SETF and JTTF Code 
Validation Matrices. The present activity is mostly complementaiy and constitutes a follow-up of 
the mentioned ones. 

In addition, previous specific international activities, mostly organized by OECD, have 
been of direct interest and the related main findings have been utilized in the present context. 
These are (full references provided in the text): 

- EURATOM Symposium on Two-Phase Flow Dynamics (1967) - Chapts, 2 and 3; 
- OECD/CSNI Stability Workshop (1990) - Chapts. 1, 2, 4, 6 and 7; 
- OECD/CSNI Series of Meetings on Reactor Instrumentation (1983, 1988 and 1992) - Chapt. 5; 
- Hemisphere Proceedings on Multiphase Flow (1991) - Chapt. 3; 
- OECD/NEA BWR Stability Benchmark (1995) - Chapts. 4 and 6. 

The following should be noted specifically by the reader going through the entire report: 

* notwithstanding the attempt to homogenize the levels of considered details in the various 
chapters, these are different; difficulties specifically arose in those areas where industry 
proprietary data are concerned, e.g. fuel design, core monitoring, loop experiments, etc.; 

* repetitions of similar statements and of concepts may be found throughout the text; in those 
cases different points of view are reported by different Lead Authors, Contributors or Authors 
of references, also to testify of the complexity of the involved subjects and to report the current 
understanding; 

* for the benefit of the reader, each chapter from 2 to 8 includes a short summary, explaining the 
rationale for the chapter and its organization; 

* an alphabetic order nomenclature constitutes the sect. 2.3.1 (in Chapt. 2); 
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* specific conclusions in each chapter have been avoided with partial exceptions for Chapts. 3, 4 
and 5, where remarks or descriptions of strategies and trends for the future are included; in 
order to homogeneize and make consistent among each other such conclusions, these are 
grouped in sects. 8.2 to 8.4 and in the section "Findings from Chapters " of the Executive 
Summary; they make reference to each of the subjects considered in the report; 

* Appendices A, B and C have been introduced, they are relevant to Chapl 2, Chapts. 2 and 5 
and Chapt 4, respectively. 

In addition, almost no evaluation or subjective comment from the Lead Authors is provided 
in Chapts. 2 to 7, including Appendices A to C; rather, basic facts are given there to enable the 
reader to develop an independent judgement on the subject. Limited comments are given in Chapt. 
1 aimed specifically at identifying the current understanding prior to the issue of the present 
document. Evaluations and comments from Lead Authors can be found in the Conclusions (Chapt. 
8) and in the Executive Summary (ES). 

In particular the ES includes the presentation of findings that must be considered the 
follow up of the 'analytical' activity carried out in discussing the various subjects that are matter 
for Chapts. J to 8. In this sense, the related statements can be considered as actual conclusion of 
the activity. 

Finally, it should be remarked that apart from the objectives stated in the Introduction, the 
purpose of the SOAR on BWRS is to spread the vast amount of knowledge and expertise gathered 
so far by the scientific community in this area. This should also stimulate research in the relevant 
areas concerned. 
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SUM1MARY 

The SOAR on BWRS comprises six main chapters (Chapts. 2 to 7) that constitute the body 
of the work, apart from Introduction and Conclusions (Chapts, I and 8, respectively). A total of 
eight chapters and three appendices are part of the report. 

A top-down approach has been pursued when cariying out the activity, that is reflected by 
the order of the chapters and their content. Starting issues were BWR plant descriptions including 
peculiarities relevant to stability and the manifestation of instabilities during operation (Chapt. 
2). The report continues with the characterization of instabilities from various experiments 
(Chapt 3), the features and the capabilities of relevant codes and models (Chapt 4), BWR core 
instrumentation and control (Chapt. 5), the stability behaviour of operating BWR plants (Chapt. 
6) and the regulatory approach to the stability issue (Chapt. 7). 

Some details about each chapter content are given below. Main conclusions and findings 
are also included in the Executive Summary. 

-1. Introduction 
A short historical perspective of the BWR stability issue is presented. The safety and the 

technology relevance of the issue are discussed together, giving emphasis to the complexity of the 
problem. 

- 2. BWR system and instability phenomena 
BWR plant features are described in some detail, giving emphasis to those parameters that 

may affect stability. 
Some experience examples of unstable core behaviour is described. This leads to the 

description of coupled neutronic-thermalhydraulic density wave phenomena and to a 
classification of instabilities on the basis of plant data. Parameters affecting instability are listed 
and discussed. 

- 3. Experiments 
Thermalhydraulic density waves and other types of stability mechanisms are dealt with 

here. Three classes of experiments are distinguished covering fundamental tests, system related 
experiments and tests aiming at the fuel qualification. The experimental data show complex 
relationships between boundary conditions and instability related scenarios. In some cases 
"inconsistent" information was found about parameter dependencies: parameter ranges play a 
veiy important role. 

- 4. Codes 
A wide variety of codes is currently available to study instabilities in both the time and the 

frequency domains. Sophisticate system codes and simple models have been applied to the study of 
instabilities. The actual predictive capabilities are questionable in some cases. Chaotic situations 
are predicted by codes. 

- 5. Monitoring 
An overview is given of in-core instrumentation. Neutron signal noise analysis techniques 

are discussed with some detail also showing recent advancements in their use. Limitations of the 
numerical techniques are emphasized (see also Appendix B). Current practices adopted in BWR 
plants are presented involving the use of core stability monitors, some of them aiming at 
preventing or suppressing instabilities. 
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- 6. Stability events 
Unplanned stability events and stability measurement campaigns are described. The zones 

in the BWR power flow maps that showed to be prone to instabilities are identified. Fuel behaviour 
during cyclic temperature variations is discussed, even with emphasis to potential fuel damage 
mechanisms. 

- 7. Regulatory position 
The views and the requirements held by the concerned regulatory authorities, essentially 

from all countries having BWRs in operation, are summarized. Some emphasis is given to the 
recent utility answers to the regulatory body requests. 

- 8. Conclusions 
Conclusive remarks are subdivided into five main parts. The first one is concerned with the 

safely implications of instabilities: essentially, as a follow up of this activity it is concluded that 
stability is not a safety issue. The second and third parts deal with the instability classification 
and the current status of core stability monitors, respectively. Specific conclusions connected with 
each of the discussed subjects constitute part four. The fifth part presents some recommendations. 

The main conclusion is that the BWR stability should not be considered as a safety issue; 
however R&D in specific areas is recommended. 
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= Moving Average 
= Multivariate AutoRegressive 
= Maximum Extended Operating Domain 
= Minimum CPR 

Mid Cycle 
= Marginal Stability Boundary 
= Main Steam Isolation Valve 
= Nuclear Energy Agency 
= Narrow Downcomer Level 
= Nuclear Fuel Industry 
= Phase Change Number 
= Nuclear Power Plant 
= Net Positive Suction Head 
= Nuclear Regulatory Commission 
= Nuclear Science Committee 
= Nuclear Safety Research Reactor 
= Subcooling Number 
= Nuclear Power Plant THermalhydraulics and Operation 
= Ordinary Differential Equation 
= Organization for Economic Cooperation and Development 
= Oskarshamn Kraft Groupp AB 
= Oscillation Power Range Monitor 
= Oak Ridge National Laboratory 
= Onset of Stability 
= Onset of Boiling Transition 
= Once Through Steam Generator 
= Peach Bottom 
= Personal Computer 
= Pellet Cladding Interaction 
= Pellet Cladding Mechanical Interaction 
= Partial Differential Equations 
= Pressure Drop Oscillations 
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P/F 
PIE 
PLR 
P-P 
PRBS 
PSP 
PWG-2 
PWR 
QPTR 
RCCV 
RCIC 
RIA 
RMS 
RP 
RPI 
RPT 
RPV 
R&D 
SBLOCA 
SBWR 
SCC 
SDIS 
SET 
SETF 
SETF-FA 
SETS 
SIL 
SLMCPR 
SKi 
SLCS 
SLOR 
SMORN 
SOAR 
SRI 
SRM 
SRV 
STUK 
TAF 
TECC 
TEPCo 
TFCL 
TFO 
THorT&H 
THO 
THSB 
TIP 
TPR 
UMAE 
UIT 
WERorWWER= 

Power/Flow 
Post Irradiation Examination 
Partial Length Rod 
Peak-to-Peak 
Pseudo Random Binary Sequence 
Pressure Suppression Pool^ 
Principal Working Group No 2 
Pressurized Water Reactor 
Quadrant Power Tilt Ratio 
Reactor Cavity Concrete Vane 
Reactor Core Isolation Cooling 
Reactivity Initiated Accident 
Root Mean Square 
Reactor Power 
Rensselaer Polytechnic Institute 
Recirculation Pump Trip 
Reactor Pressure Vessel 
Research and Development 
Small Break LOCA 
Simplified BWR 
Stress Cracking Corrosion 
Steam Dome Injection System 
Separate Effect Test 
Separate Effect Test Facility 
SETF-Fuel Assembly 
Stability Enhancing Two-Step 
Service Information Letter 
Safety Limit -MCPR 
Swedish Nuclear Power Inspectorate 
Standby Liquid Control System 
Successive Line Overrelaxation 
Specialists Meeting On Reactor Noise 
State of the Art Report 
Selected Rod Insertion 
Source Range Monitor 
Steam Relief Valve 
Finland Regulatory Body 
Top of Active Fuel 
Thermalhydraulics of ECCS 
Tokyo Electric Power Company 
pag. 5/12 
Threshold for Flow Oscillation 
Thermalhydraulics 
THermal Oscillations 
Thermal-Hydraulic System Behaviour 
Traversing In-core Probe 
Threshold Power Ratio 
Uncertainty Method based on Accuracy Extrapolation 
Unione Italiana Termofluidodinamica 
Water-moderated Water-cooled Energy Reactor 
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VY = Vennont Yankee 
WS = Workstation 
WMTS = Wisconsin Multiple Time Series 

XXXI 
SOAR ON BWRS 





SYMBOLS 

Roman Letters 

ao(0,ai(t) 
^x-s 
A1JA2,A3 

B I , B2, B3 

D 
D0 ,D I ; (D2 

g 
G 
h 
J 
ko rK 
k 
L 

\m 
M(s) 
Npch 
N S U b 
P 
q" 
q n , 

Q 
Q 
R 
Re 
u 
r 
t 
T 
V 
W 
X 

Jy.t Y , Z 

z 

Arbitrary functions of time 
Channel cross section area 
Reference signal amplitudes 
Reference signal amplitudes 
Diameter 
Domains for the D-partition method 
Gravity 
Mass velocity 
Specific enthalpy 
Mass flux 
Singular pressure drop coefficient 
Cross correlation parameter 
Length 

Mass flow rate 
Transfer function 
Phase change number 
Subcooling number 
Pressure 
Heat flux 
Volumetric power 
Volumetric flow rate 
Heating power 
Radius 
Reynolds number 
Velocity 
Radial coordinate 
Time 
Temperature 
Volume 
Mass flow rate 
Quality 
Transfer functions 
Axial coordinate 

Greek Letters 

r 
5 
A 
X 

n 
p 
4» 
9 

Mass flow rate 
Perturbation of a variable 
Variation of a variable 
Axial coordinate of the boiling boundary 
Perimeter 
Density 
Neutron flux 
Phase shift or function 

[-] 
[m2] 
[-] 
H 
[m] 
[m2/s] 

[kg/(m2s)] 
[kJ/kg] 

[kg/(m2s)] 
H 
[s] 
[m] 

[kg/s] 
H 
H 

[Pa] 
[W/m2] 
[W/m3] 
[m3/s] 
[W] 
[m] 
H 
[m/s] 
[m] 
[s] 
[°CorK] 
[m3] 
[kg/s] 
H 
[-] 
[m] 

[kg/h] 

[m] 
[m] 
[kg/m3] 
[n/(cm2s)] 

H 
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Subscripts 
e 
eq 
exp 
ext or ex 
f 
i 
in 
H 
h 
s 
sat 
tot 

1* 
2<jy 

exit 
equilibrium 
experimental 
external 
fluid or liquid 
inlet 
inlet 
heating 
homogeneous 
system 
saturation 
total 
single-phase 
two-phase 

Note: Symbols adopted in Appendix B are locally defined 
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EXECUTIVE SUMMARY 

A review study concerning the oscillations in neutronic and thermal-hydraulic parameters 
in the core and in the vessel of a BWR, constitutes the subject of the State of The Art Report on 
Boiling Water Reactor Stability (SOAR on BWRS). The activity is focused toward practical 
applications, though fundamental studies are considered, too. 

Elements are given throughout the document to make it possible the development of an 
independent judgement by the reader. As a consequence, some relevant concepts can be found to 
be reported more times, reflecting the particular view of the different authors of referenced works 
(see also the Foreword). 

In the present "Executive Summary" (ES), the main conclusions from the performed review 
study are reported together with evaluations agreed among the Lead Authors. 

The ES has been subdivided into four main parts: A) Introduction and Purposes; B) 
Fundamental Understanding and Classification of Instabilities; C) Findings from Chapters; D) 
Conclusions and Recommendations. 

A) INTRODUCTION AND PURPOSES 

Boiling channels and systems may oscillate owing to the behaviour of the liquid-steam 
mixture used for removing the thermal power, which may be unstable under particular operating 
conditions. The interaction with neutronics, linked with the thermal-hydraulic quantities through 
void fraction and heat transfer mechanisms, makes the problem more complex in Boiling Water 
Reactors. 

Design parameters, like nominal pressure and pressure losses in single and two phase 
regions, can be properly selected to reduce the impact of the problem on reactor operation. 
However, the large variety of situations expected during the life of the core, also depending on the 
range of fuel burnup, requires a prudent analysis and the evaluation of a set of design parameters 
preventing the instability occurrence in most of possible BWR plant operating conditions. 

So, there is the need to understand the effect of relevant parameters upon the involved 
physical phenomena, to detect these phenomena and to mitigate or suppress the eventual 
instability occurrences, using the safety margins adopted in the design. 

The problem is well known since the design of the first BWR systems (Chapt. J). However, 
it is important for the technical and scientific community to achieve a generalized view about the 
various aspects of the stability behaviour of a BWR plant. 

The main purposes of the SOAR on BWR Stability, can be stated as follows: 
• to identify and classify the relevant aspects affecting stability in BWR plants and also to 

develop a common understanding in the various concerned areas; 
• to review the (very broad) existing literature; 
• to achieve a judgement about the safety relevance of the problem; 
• to evaluate the adequacy of currently considered countermeasures; 
• to identify the needs and the priorities for research and development in the area. 

This is achieved following a top-down approach, where the phenomenology of instability in 
BWRs is considered first and the results of experimental activities and of code applications are 
then dealt with. Areas related to instrumentation, core monitors, fuel behaviour under cyclic 
thermal loads and licensing views are specifically addressed to reach the above objectives. 

The activity is focused towards phenomena occurring in BWR plants in the conditions "low 
flow - high power" identifiable in the BWR power/flow map (see also Fig. 1-1), Density wave 
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mechanisms have been used to characterize any scenario recorded from BWR systems, so far. 
Therefore, some instability types, like geysering, are not considered in this work (some of them are 
marginally listed in sect. 23,5), while other types (see the classification below) are mentioned due 
to the relevance they may have on the progression of density wave related phenomena. 

BÏ FUNDAMENTAL UNDERSTANDING AND CLASSIFICATION OF INSTABILITIES 

Oscillations in two-phase systems may be connected with different mechanisms related to 
pressure and density wave propagation, change in the flow regime, interaction between 
conduction and convection heat transfer, coupling between thermal-hydraulic and neutronic 
parameters, presence of different parallel channels and of loops in parallel or in series with the 
boiling channel. 

A number of modalities of oscillations, of static or dynamic nature, can be identified. 
Different causes and types of oscillations may exist at the same time, leading to great complexity 
in some instability occurrence (sects. 2.2, 3.1, 32 and 4.4 deal with the subjects in the last two 
paragraphs). 

As a result of the performed activity, a few ways for classifying instabilities have been 
identified: classifications can be based upon consideration of: a) fundamental mechanisms; b) 
pattern of core oscillations: c) system interactions. 

Classification based on thermal-hydraulic fundamental mechanisms 

The static instabilities are (sect. 3.1.2): 

• Flow Excursion (Ledinegg type); 
• Boiling Crisis; 

• Relaxation types, including flow pattern transition, geysering and chugging; 

The dynamic instabilities are (sect. 3.1.2): 

• Density Wave oscillations; 
• Pressure Drop oscillations; 
• Acoustic oscillations; 
• Thermal oscillations. 

Classification based on the pattern of core oscillations 

In this case the relationships between phases and amplitudes of oscillations at different axial, 
radial and azimuthal positions in the core of a reactor or of a reactor simulator, are considered. 
Coupled neutronic- thermal-hydraulic and pure thermal-hydraulic oscillations can be 
distinguished, respectively. The following classification results (sects. 2.3.2 and 8.2): 

• core-wide, or in phase, oscillations (see also sect. 2.3.1); 
• regional or out-of-phase oscillations; 
• single channel or local oscillations; 
• punctual or not propagating oscillations (see also sects. 3.3.2. Î and 5.4.4; their existence can 

only be envisaged from the performed activity and the considered documentation). 

Most of the phenomena considered above can be explained making reference to the 
concept of "harmonic modes" of the reactor diffusion equation (see also sect. 2.3.4). 
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Classification based upon considering system interactions 

This classification holds mainly for coupled nuclear-thermal-hydraulic systems (BWR plants), but 
it may be also applicable in pure thermal-hydraulic systems. The overall system performance and 
the origin of oscillations are concerned. The following classification can be introduced (data 
evaluation in Chapts. 2 to 6): 

• oscillations involving core-bypass; 
• oscillations involving vessel downcomer; 
• oscillations involving the entire reactor loop (also referred as loop type oscillations); 
• oscillations induced by the Balance of Plant, including the control systems. 

This short outline also demonstrates how the instability phenomena constitute a 
multidisciplinaiy subject, involving different technological areas like transient thermal-
hydraulics, neutronics, fuel behaviour and fuel cycle management, instrumentation, plant control 
and monitoring and detailed knowledge of plant features and operating conditions. 

O FINDINGS FROM CHAPTERS 

A few findings from each chapter from 2. to 7. are discussed hereafter. 

BWR Plant Phenomenology - (Chapter 2) 

Parameters affecting the stability performance of BWR plants have been identified and 
characterized (sect. 2.3.4). Four classes have been derived, distinguishing quantities mainly 
affecting: (a) thermal-hydraulic feedback, (b) neutronic feedback, (c) simultaneously neutronic 
arid thermal-hydraulic feedback and (d) the specific pattern of oscillations (regional or out-of 
phase). 

Thermal-hydraulic boundary conditions, coolant flow, pressure drops in single- and two-
phase regions of the boiling channel, channel length, absolute pressure, separator friction and 
carry-under, belong to the above defined class (a). 

Void reactivity coefficient, fuel gap conductance and heat capacity and Doppler 
coefficient, are part of the class (b). 

Average core power, axial and radial power shapes (including the effect of Xe), inlet 
subcooling, fuel design and BoP features belong to the class (c). 

Finally, geometric buckling, friction in recirculation loops flow paths, thermal-hydraulic 
stability margin and flow asymmetries in the lower plenum, are part of the class (d). Parameters in 
this class have direct influence in triggering and sustaining regional oscillations, but also can be 
part of the other identified classes. 

Experiments - (Chapter 3) 

A large variety of experiments has been performed and related data are available, specifically in 
loops not simulating fuel bundles. In this context, tests have been carried out to characterize the 
fundamental mechanisms (see also above) and to measure the influence on the stability, (sect. 3.2), 
of: mass flow at the inlet of boiling channel, total power and axial power shape, system pressure, 
inlet subcooling, channel heated length (up to 9 m), presence of a Partial Length Rod, slope of the 
pressure drop vs. mass flowrate curve, quality of the exit steam (at very low values), number of 
rods, inlet and outlet restrictions, presence of parallel channels and of unhealed bypass region. 

The introduction of the Zuber-Ishii stability map brought to a large progress in the above 
area (sect. 3.5). Among the others, the influence of subcooling on the stability behaviour seems the 
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most complex: the effect depends upon the adopted range of variation and is connected with other 
system characteristics (e.g. axial power shape). 

Most of the experimental data base obtained in loops with fuel bundles are proprietary and 
the related relevant findings could not be included in this document. 

A limited number of experiments aimed at the study of stability, have been conducted in 
BWR Integral Test Facilities and in in-core loops (sects. 33.2 and 3.4). Fourier analysis has been 
used to evaluate core pressure drop signals, measured in Piper-one loop. 

Modelling - (Chapter 4) 

A wide variety of codes has been set up in the last two decades for coping with the issue of stability 
prediction. Presently available models range from simplified tools for the analysis of boiling 
channels to complex system codes capable of a complete description of a BWR plant. 

More than twenty system codes have been addressed in the Report summarizing their 
relevant characteristics (see Appendix C). A classification of available codes has been proposed, 
considering the two broad classes of models for linear and non-linear stability analyses and a 
variety of subclasses introduced to account for specific code features. 

It was found that available models allow an adequate description of addressed phenomena, 
providing understanding of the basic mechanisms involved in instability occurrences. In 
particular, the range of phenomena predicted by codes can be found to be wider and denser than 
the one provided by obseivation of reality. 

At a quantitative level, reasonable accuracy is reported in published code applications, 
mainly addressing the calculation of stability margins and oscillation characteristics in 
previously performed plant tests or experiments. However, the relatively low number of truly 
predictive applications and the sensitivity of plant stability to hardware details suggest to push on 
research and development in the field. In this frame, activities as the OECD-NEA Benchmark (see 
also sect. 6.3.4) provide a good chance to assess validity of present technology. 

Validation of codes for BWR stability is carried out making use of plant stability data and 
of measurements collected in experimental facilities. With respect to currently available codes for 
DBAs, for which the assessment of predictive capabilities requires the extrapolation to full scale 
plant conditions, availability of plant data must be considered a great advantage in this case. A 
considerable amount of proprietaiy work is performed in this frame, which is not available for 
open discussion. 

Present codes for BWR stability generally include most of the features which are necessary 
for applicability to full reactor conditions. In this respect, available modelling techniques can be 
considered satisfactory: adequate techniques exist for a detailed simulation of core thermal-
hydraulics and neutronics, ex-core components and BoP behaviour. As a consequence, specific 
code limitations must be considered the result of modelling choices also dictated by computational 
convenience. 

Possible areas of further development are: the assessment of predictive capabilities in the 
application to "blind" benchmark problems; the collection of plant test matrices for systematic 
code validation; an increasing capability to simulate all the required plant hardware, including 
BoP; a wider application of up-to-date thermal-hydraulic models; the development of low-
diffusion numerical methods. 

Core Monitoring - (Chapter 5) 

This chapter deals with the subject of prevention and mitigation or suppression of instabilities in a 
BWR plant. So, instrumentation, mostly core related, plant control and protection systems, data 
interpretation and current strategies for prevention and mitigation, are considered. 

Among the implemented strategies, also as a follow up of specific requests by regulatory 
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bodies (see also Chapt. 7), the "regional exclusion ", the "quadrant APRM", the "power reduction " 
(sect. 5.5), and the extended use of the core monitors, can be mentioned. The regional exclusion 
implies the introduction of a forbidden region in the operational power-flaw map; in a few cases, 
an expanded 'alarm' region is also introduced. The quadrant APRM consists in allowing for 
generating control signals, including scram, from regional APRM related signals. The power 
reduction is an event-oriented strategy leading to automatic power level decrease in the case of 
transients like pump trip and loss offeedwaterpreheaters. 

More emphasis is given in the chapter to the core monitors although they are not installed 
in each BWR plant. Basically, a core (or stability) monitor consists or makes use of neutron 
detectors and signal preconditioning hardware, data sampling and recording, data analysis or 
process identification, estimation of the stability and data storing. An on-line feedback with the 
plant control system is avoided at the time being. 

Examples are discussed, (sect. 5.4.4) dealing with the use of stability monitors io detect 
sudden decreases in stability margins, to validate the exclusion region, to analyze stability test 
results, to follow the stability margins during an operational transient, to evaluate off-line 
stability, including the cases of core wide and regional oscillations, to predict stability boundaries 
(i.e. fixing the exclusion region) also as a function of fuel burnup. 

Improvements in the performance of stability monitors can be envisaged concerning the 
techniques for signal processing, i.e. noise analysis (limitations have been found in this area, see 
also App. B) and to the use as input signals of a larger number of plant signals including 
quantities like core flow and inlet subcooling, pump speed, feedwaterflowrate and temperature. 

As a general comment (sect. 5.5.3), it is noted that the number of LPRM is generally 
adequate for core stability monitoring. However, not all of these are directly and independently 
taken into account for deriving countermeasures. The recommendation is to give more emphasis to 
each LPRM, eventually improving the related reliability. 

Stability events and fuel performance - (Chapter 6) 

Almost thirty planned or unplanned stability events have been recorded and reported in BWR 
plants so far. The number of events per year increased in the last few years specifically due to the 
introduction of new fuel (mostly due to increased power) and the operation of reactor cores with 
different fuel types at the same time. A large data base, though not directly suitable for code 
assessment purposes, is collected in chapter 6. Code applications to BWR plant predictions are 
discussed under sect. 6.3.3. 

The LaSalle occurrence (1988, sect. 6.2.1.3) was the most noticeable event, essentially 
because the high level scram setpoint (118% of nominal power) was reached by the APRM signal. 

All the documented events remained within the classes "0" or "1" of the IAEA-1NES 
proposed classification (sect. 62.2); no safety concern was raised in any of the involved 
situations. 

The code calculations, in various cases, demonstrate to be capable to reproduce the 
measured scenarios even in presence of regional (out-of-phase) oscillations (see also Chapt. 4); 
generally, this may not be the case if blind predictions are concerned. 

An extensive data base was collected and discussed in relation to fuel rod behaviour 
following cyclic thermal loads. This is mostly based upon recent findings obtained at the Halden 
reactor (sect. 6.5). As a main conclusion, it was found that there are large margins against 
cladding fatigue failure, partly due to the thermal damping by the fuel time constants. In addition, 
there is large margin to dryout as long as reverse flow is avoided following excessive amplitude 
oscillations; short dryout periods (cyclically followed by rewet) do not endanger the cladding 
integrity (sect. 6.5.5). 

The situation may be different under RIA conditions; recent experience (sects. 6.5.4 and 
6.5.5) shows that high burnup fuel may fail at energy releases as low as 30 cal/g. This might have 
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implications concerning the behaviour of high burnup fuel subjected to large amplitude 
oscillations. 

Licensing - (Chapter 7) 

The stability issue deserved a constant attention by the regulatory bodies since the times of the 
first BWR design. In particular, the issue of "Suppression of Reactor Power Oscillations" 
constitutes the General Design Criterion 12 of the US NRC, 10 CFR 50 Appendix A (see also 
Chapt. 1). Renewed attention was given to the problem after the Caorso event (owing to the 
observation of regional oscillations), the LaSalle event (owing to the large recorded APRM 
power) and the WNP-2 event (owing to the occurrence of instability notwithstanding the 
countermeasures taken following LaSalle). 

Sect. 7.1 reports a synthesis of the requirements of licensing authorities and of the industry 
response. From the industry side, the two main options adopted so far to comply with the licensing 
requests can be summarized by the "prevention" and the "detect and suppress" solutions (sect. 
7.1.2). A so called long term solution, implying modifications to the reactor protection system is 
under consideration. 

Regulatory requirements and recommendations (sect. 7.2.3) include areas like training of 
operators, procedures, changes in the protection systems, stability predictions for new core 
loadings, stability measurements and installation and qualification of core monitors. 

Safety concerns are raised by regulatory bodies in relation to the areas in the last 
paragraph (see also sect. 7.2.4). In addition, reliability of methods used in the past to prove 
stability is considered questionable, in a few cases the amplitude of power oscillations revealed 
higher than expected, out-of-phase oscillations might grow without causing scram, fuel failures 
might be a consequence of dryout following oscillations. 

D) CONCLUSIONS AND RECOMMENDATIONS 

Wide range researches have been carried out in relation to the stability issue in BWR 
plants, involving different disciplines as already mentioned (see also sect. 8.1). A huge amount of 
data and models are available. A considerable progress has been observed in the various 
concerned areas following the LaSalle event in 1988. 

The main conclusion achieved in the present study is that stability should not be 
considered a safety issue. A few reasons are as follows: 

a) oscillations can be promptly detected: the present instrumentation appears to be satisfactory, 
but the LPRM based scram activation as a long term solution is proposed and evaluated; 

b) oscillations can be suppressed: time periods larger than a few tens of seconds after the 
oscillation start (at least), are available before achieving limit values for the fuel rod 
temperatures; 

c) related phenomenology is quite well understood: measured BWR core transient behaviour can 
be reproduced by codes, though in some cases predictions may have limited reliability due to 
lack of detailed knowledge of input parameters; 

d) the scram system alone is sufficient to stop the event progression; alternate systems or 
procedures like SRI, partial scram, increase in recirculation pump speed are also sufficient to 
achieve the same goal without any additional intervention. 

In addition, by comparing an instability occurrence with a SBLOCA (i.e. a reference safety 
issue in BWR licensing), the availability of scram in the former case is equivalent to the possibility 
of isolating the break in the latter case, i.e. to have the possibility to remove the cause of the 
transient. Furthermore, plant data are available in the case of stability (and not in the case of the 
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SBLOCA) making easier the optimization of the EOP and the qualification of analytical tools. 

Specific conclusions and recommendations are reported in sects.. 8.4 and 8.5. Some of 
these directly relate to the items a) to d) above; a few of them are summarized below: 

• axial and radial power distributions have a strong influence on stability: their variation 
during the reactor life or during a transient may bring the core in a configuration prone to 
instability; 

• reference experiments in qualified facilities and/or plant data should be used to develop a 
common understanding about the suitability of predictive tools covering areas like user effect, 
uncertainties in boundary conditions, optimization of nodalization, capabilities of numerics; 

• the sophistication and the qualification levels of core monitors could be largely improved and 
demonstrated, respectively; 

• the use of large system codes (e.g. Relap, Athlet, Trac, Cathare) should be promoted in this 
area provided 3-D neutronics modelling is made available together with improvements in 
numerics; 

• the validity of heat transfer correlations, when applied to oscillatory conditions, is 
questionable (more details under item 12. in sect 8.4); the assessment experience gained up to 
the present time is not sufficient for deriving conclusions in this regard. 
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1. INTRODUCTION 

In December 1993, the THSB (Thermal-Hydraulic System Behaviour) Task Group of 
OECD-NEA CSNI PWG-2 (i.e. Principal Working Group No 2 of the Committee on the Safety of 
Nuclear Installations of OECD), had the charge to prepare a State of the Art Report (SOAR) on 
Boiling Water Reactor Stability (BWRS). 

The problem was not dealt with in a systematic way in the framework of previous activities 
of the CSNI Groups, refs. [1.1] and [1.2], although an important Workshop was organized in 1990, 
ref. [1.3], and lack of suitable experimental information was found, ref [1.4]. The recent stability 
related event in LaSalle, ref. [1.5], renewed the attention, as testified by the mentioned Workshop, 
of the licensing authorities and of the scientific community toward a situation, i.e. oscillations in 
neutron flux, experienced under controlled conditions in several BWR plants, e.g. refs. [1.6] and 
[1.7], The wide spectrum of parameters affecting the stable operation of boiling nuclear reactors 
requires a multidisciplinary approach and explains the limited consensus reached so far in the 
interpretation of the involved phénoménologies. Notwithstanding this, effective countermeasures 
have been taken, essentially limiting the allowed zones in the operating flow-power map, e.g., ref. 
[1.8]. 

In this context, the activity leading to the present document was proposed; the general 
objectives were to collect and synthesize the relevant information available, to develop a common 
understanding, and eventually to fix the basis for further research in the area. To this aim scientists 
from research organizations, from vendors, from licensing authorities and from utilities worked 
together. A benchmark exercise based upon stability tests performed in the Ringhals 1 Swedish 
BWR plant was independently proposed by OECD-NEA-NSC (Nuclear Science Committee, ref. 
[1.9]) and recently completed; this was of large benefit for the present activity, especially for 
evaluating the capabilities of predictive tools. 

It must be premised that instabilities can only occur in very special situations in a restricted 
area of the BWR power-flow map, Fig. 1-1, and are considered in the design of the plants. The 
possible occurrence of instabilities must also be accounted for in the licensing process of the 
nuclear reactors; an example in United States is given by the General Design Criterion no. 12 (10 
CFR 50, App. A) which states that power oscillations must either not be possible, or be readily 
detected and suppressed. 

Other types of instabilities, like geysering, though of interest in BWR technology 
specifically for natural circulation systems, are not considered in this report. Limited discussion is 
presented in sect 2.3.5. 

1.1 Basic Phenomenology and Historical Perspective 

During early years of BWR technology, there was noticeable concern about nuclear coupled 
stability, as was also recalled in a recent activity re-evaluation, (ref. [1.10]). GE proposed Dresden 
1, with some questions of design and performance unanswered. However, the dual cycle was 
proposed which produced about half of the turbine steam flow directly in the reactor core, the other 
half indirectly in steam generators, thus assuring that the plant would be able to make at least half 
power based on PWR experience. In the frame of the Dresden project, an electronics engineer 
recognized the BWR as an analogue of a feedback amplifier, which can be unstable if the phase of 
the feedback signal reaches 180 degrees at a gain of 1: the feedback would become regenerative, 
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Fig. 1-1 - Typical BWR operating Power-Flow Map (the thick lines identify the region not 
allowed for normal operation). 

and instability would be the resuit. At that time (1956), as construction of EBWR was nearing 
completion, an analysis of BWR dynamics started. 

The analysis (ref, [1.11]) and experiments (ref. [1.12]) for EBWR were in reasonable 
agreement However, as a follow up of these, the stability tests at Dresden (ref. [1.13]) were 
conducted in March and June 1960 at half power and at full power, by oscillation of a control rod at 
constant frequency, measuring the response, and performing the test across a range of frequencies. 
The tests showed that the power-to-reactivity loop feedback was exceedingly stable, as predicted. 
The key factor was the oxide pellet fuel, having a long thermal time constant that served to attenuate 
the void reactivity feedback, preventing it from becoming regenerative. 

It was then clear that a larger BWR could be designed without concern about stability, and 
further, that one could concentrate on the single cycle design, eliminating the dual cycle steam 
generators. Following in depth experimental and theoretical analysis, the problem seemed to be 
solved and no oscillation incident took place for several years of BWR operation. Since then, a 
number of fuel modifications have been imposed and core power densities have also been increased. 
The first indications of "new" stability problems came in the late 70's and during the 80's. Even in 
the early 90's many of the operating BWRs have experienced oscillation incidents. 

From a physical point of view, the removal of thermal power by boiling water in a vertical 
channel, in a closed or in an open loop configuration, may cause instability in the operation owing 
to density changes and various thermal hydraulic feedback mechanisms. Since the cooling fluid is 
also a moderator an oscillation in the core void content is reflected as a variation of neutron flux and 
of generated power that, in turn, affects the void. Coupled neutronic-thermalhydraulic systems may 
show stable or unstable behaviour: in the former case the effect of any disturbance occurring during 
a steady condition is damped in time; in the latter case the disturbance is amplified and there is the 
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possibility to reach self-sustained oscillating conditions, called "stable-limit-cycle". 
This is a well known drawback in boiling water technology that eventually complicates the 

very low pressure operation and is mitigated only at nominal-design pressure. As such, the problem 
has been investigated since the end of the 50's: parameters affecting the stability have been 
identified, e.g. refs. [1.3] and [1.14], through the use of more or less sophisticate predictive models 
and computational tools, e.g. refs. [1.15] and [1.16]. Proper countermeasures have been taken at a 
design level, essentially keeping down the pressure drops in the two-phase region inside the core 
and downstream it, and increasing the same parameter in the single-phase region of the loop. The 
stability of nominal operating conditions is thus ensured; although this may not be the case in some 
off-normal situations including ATWS (Anticipated Transient Without Scram) or during start-up or 
shut-down. 

Following the pioneering research in the EBWR, refs. [1.11] and [1.12] and at the Vallecitos 
Laboratories [1.17], and an extensive modelling work in the 60's through the 80's (significant 
examples are given by refs. [1.14], [1.15] and [1.16]), the following milestones in the area can be 
identified, making reference to the open literature: 

* Operation of the FRIGG loop in Sweden, e.g. ref. [1.18]; 
* Development and diffusion of the NUFREQ code series, e.g. refs. [1.19] and [1.20]; 
* Peach Bottom stability tests in 1977 ref. [1.21]; 
* Measurement of regional oscillations in the Caorso plant in the early '80s, ref. [1.7]; 
* Occurrence of the LaSalle event in 1988, e.g. ref. [1.5]; 
* Workshop in Brookhaven, ref. [1.3], in 1990; 
* Implementation of safety measures in the operating plants in the '90s, e.g. ref. [1.8]. 

1.2 Technical Considerations 

The signal analysis aiming at characterizing the stability of BWR cores shows the multiple 
nature and the complexity of the involved physical phenomena. A more precise idea of the present 
situation can be obtained from a few preliminary considerations connected with general capabilities 
and limits of the numerical tools currently adopted for stability analysis. 

Thermalhydraulic system codes have been developed and qualified that are able to predict 
plant behaviour within wide ranges of parameters variations, e.g. ref. [1.1]; on the other hand, fully 
3-D neutronic kinetics equations have been solved and included in sophisticate codes, e.g. ref. 
[1.22], able to calculate neutron fluxes averaged into cells having volumes of the order of 0.001 m^, 
when the fuel history and the thermalhydraulic boundary conditions are supplied. 

In order to appreciate the current difficulties in predicting the occurrence and the evolution 
of instabilities in BWR plants, the following items should be considered: 
a) periodic time variations of core related quantities, neutronic and thermalhydraulic parameters, 

are affected by the overall primary circuit behaviour including recirculation pumps, feedwater 
heaters, turbine, pressure drops, electronics of the control systems, etc., that cannot be modelled 
in detail (some simplified modelling is proposed in ref [1.16]), including individual feedbacks; 

b) typically, a BWR core consists of several hundred individual coolant channels (up to 900), 
characterized by different burnup histories, inlet pressure drops, number of fuel rods (in some 
cases), different fuel types and axial power profiles: in principle, each channel can be the origin 
of global core oscillations and can sustain such oscillations; 

c) a few parameters like gap conductance which affect the thermal response of the fuel rods might 
be known with a poor degree of accuracy. 

Some of limitations at item a) can be solved within the domain of current code capabilities 
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with an accurate noding effort, after revealing the relations among the relevant reactor systems (e.g., 
detailed noding of the feedwater preheaters and of the related piping). Sensitivity analyses can be 
useful for addressing item c). Qualified 3-D thermalhydraulic models of lower and upper plena and 
the possibility to nodalize each channel separately (i.e. in the order of 10^ core nodes and similar 
number of structures for conduction heat transfer) are necessary for item b) and are beyond the 
development level of present generation codes; however, important advancements have recently 
been demonstrated in this direction, as shown by ref. [1.23]. 

At present a considerable progress in this area can be emphasized essentially having 1-D 
thermalhydrauiic codes as a basis. In particular, prediction of instability events seems a difficult 
task, but post-test description is relatively easy. 

1.3 Safety Relevance 

In terms of safety, the concerned variables in an instability occurrence with high oscillation 
amplitudes are the neutron flux and the rod surface temperature: the control of the first of the above 
quantities may prevent any undesired excursion of the second one. An additional problem might 
arise due to thermal cycling that may affect the fuel rod integrity, making pellet-cladding interaction 
more probable; thermal cycling may also induce greater than normal fission product release from 
pellets. 

Frequency, amplitude and decay ratio (DR) can be used to characterize oscillations. In case 
of an instability event in a BWR, the frequency of oscillations is of the order of 0.5 Hz, directly 
connected with the fluiddynamic of the system, in the worst situation, the oscillation amplitude may 
grow with speed fixed by the DR. As a consequence of this and since heat flux is proportional to the 
3rd to 4th power of temperature difference between the wall and the coolant, cladding temperature 
changes are expected to be very small, unless dryout takes place. 

Large-instantaneous reactivity insertions including RIA (Reactivity Initiated Accidents) are 
beyond the purpose of this report, whether they may be considered as a limit situation for instability 
or may be induced by the instability event itself. Such extreme situations are dealt with in sub
chapter 6.5, but only as far as fuel consequences are concerned. Even, in these limit cases, the 
reactor power might achieve unacceptable values in time periods of the order of seconds, more than 
required for effective insertion of rods. Situations like those arising from reactivity insertion caused 
by void collapse are not covered in this report. 

As a summary, safety concerns can be raised in each of the following situations, excluding 
rapid reactivity insertions (like RIA, void collapse, rod ejection and so on): 
• lack of intervention of control rods: the case of ATWS originated oscillations may be included 

in such a scenario; 
• undetected (local) oscillations that may bring local power beyond licensing limits also causing 

unacceptable rod surface temperature increases; the problem in this case is to detect the 
oscillations early enough. 

Off-normal conditions can be originated from instability and instability can be originated 
from off-normal conditions. In any case, the reliability of scram, and the efficiency of 
instrumentation, ensure the BWR plant safety in case of instability; although some concern may 
exist in relation to regional and local instabilities (see also Chapt. 5). Specific Emergency Operating 
Procedures (EOP) and operator guidelines during planned events, may also have a role in this 
connection. 
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1.4 Structure of the Report 

Excellent review papers are available in the literature which more or less deal with specific 
topics and not always with plant situations: examples are given by refs. [1.14] and [1.24] to [1.26]. 
In the present report, an agreed view among the authors and contributors constitutes an important 
requirement. This may lead to views and conclusions in the SOAR that differ from those stated in 
the referenced reviews on the BWR stability issue. 

So, on the basis of the stated objective and of the mentioned subjects, a "top-down 
approach" has been pursued in the present document: this has been structured into six main parts in 
addition to the introduction and the conclusions. 

The starting point is the phenomenology observed in the plants (Chapt. 2); then, through the 
description and the evaluation of relevant experiments and analytical models (Chapts. 3 and 4), we 
arrive at discussing the actual plant monitoring, and the strategies for the prevention and the 
mitigation of instabilities (Chapt. 5). In Chapt. 6 the review of plant data recorded in specific tests 
or in the course of unplanned events are reported; consequences on fuel integrity are also discussed 
in this chapter. Finally, the licensing point of view is summarized in Chapt. 7. Recommendations 
for future activities in the area are included in Chapt. 8. 
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2. INVOLVED SYSTEMS AND PHENOMENOLOGICAL ASPECTS 

Neutronic and thermal-hydraulic phenomena are included in the design of a BWR system. On 
the one hand, oscillations in thermalhydraulic quantities have been detected in purely boiling systems. 
On the other hand, in stable thermal-hydraulic conditions neutron flux may oscillate, owing to and 
inducing time variations in nuclear properties of structural materials in the core (see also sect. 2.3.5). 
The presence of a thermal neutron flux generated by the oscillating thermalhydraulic environment 
leads to coupled thermalhydrauHc-neutronic oscillations. 

Several oscillatory mechanisms have been proposed and are the basis of more or less 
sophisticated theories and computer codes that also incorporate different assumptions, e.g. refs. [2.1] 
to [2.3]. Some of these are limited to pure thermalhydraulic instabilities, e.g. refs. [2.4] to [2.6]. 
Furthermore, two-phase flow experiments have been performed,, e.g. refs. [2.7] and [2.8]; finally, 
oscillatory data have been recorded in BWR nuclear plants, e.g. refs. [2.9] to [2.11]. 

The SOAR on BWRS is dealing with nuclear plant related situations; so, the experiments 
in the facilities and the codes must be considered as tools necessary for understanding 
instabilities: these are considered in chapters 3 and 4. In order to facilitate the achievement of a 
consensus, the present chapter is limited to the description and the evaluation of the scenarios 
detected in nuclear plants following instabilities. It has been tried to avoid as far as possible, the 
introduction of biased information coming from code use or analysis of experimental data taken from 
facilities. 

The considered subject is the first step in the chosen top-down approach: from observing the 
plant behaviour, knowledge and needs come out in relation to experiments, computational tools, 
monitoring, prevention and mitigation and regulatory issues. 

The chapter has been subdivided into three main parts: 

* part I (i.e. sect. 2.1): Outline of plant features giving emphasis to those systems and components 
that may affect stability. Subchapters deal with: 
- the main characteristics of the plant (e.g. hardware design related aspects, operational 

characteristics and plant layout), 
- the identification and the description of core and in-vessel components features relevant to 

stability; 
- the identification and the description of BoP (Balance of Plant) and plant control and 

monitoring features relevant to stability. 

* part II (i.e. sect. 2.2): Phenomenology of plant instabilities. This includes a generic description 
of recorded or expected instability situations (sub-sect. 2.2.1), and a qualitative 
evaluation of possible sources or consequences of instabilities (sub-sect. 2.2.2): e.g. a perturbation 
in turbine pressure may reflect as void variation in the core that may give rise to oscillations. 

* part III (i.e. sect. 2.3): Physical background of instability phenomena, including: 
- a list of the most widely used terms, specifying the meaning that they are given in this document 

(sect. 2.3.1); 
- a straightforward classification of instabilities having in mind what has been measured in the 

core of BWR plants (sect. 2.3.2); 
- the description of unstable scenarios mentioned in the previous section and the list of 

parameters affecting instabilities (sects. 2.3.3 and 2.3.4). 
For completeness, outside the main scope of the SOAR, an outline of neutron flux or thermal

hydraulic oscillations observed in systems other than BWR is given in sect. 2.3.5. 

2/4 
SOAR ON BWUS - CI1APT. 2 

14 



2.1 Outline of Plant Features 

Almost 100 BWR plants have been used or are in use in OECD Countries to produce 
electricity. They constitute, together with Pressurized Water Reactors (PWR), the most important 
electricity source from nuclear fission. 

BWR plants, as already mentioned, have been designed since the '50s and put into operation 
starting from the early '60s. So, it is reasonable to expect, in an about fifty years period, changes and 
improvements in the design. 

Reactor types that have been built and operated so far, can be distinguished as follows: 

- natural circulation BWR, ref. [2.12]; 
- dual cycle BWR, ref. [2.13]; 
- external recirculation pumps BWR, ref [2.14]; 
-jet-pumpBWR, ref. [2.15]; 
- internal recirculation pumps BWR, refs. [2.16] and [2.17]. 

On a general ground, important plant related characteristics distinguish the above types of 
reactors from each other: containment configuration, reactor power control system, vessel 
dimensions, fuel type and core power density are examples of these. Furthermore, hardware and plant 
layout differences can be found even in each individual class. 

The basic feature of ail the plants is the presence of a pressure vessel in which feedwater is 
entering in subcooled conditions and steam is exiting at saturation temperature; nominal operating 
pressure is nearly the same in all cases and holds 7.0 MPa. In all cases, the steam produced in the core 
is directly utilized in the turbine (this is partly true in dual cycle plants). The internal configuration of 
the vessel is also common to the various solutions: it includes an annular downcomer where the 
subcooled feedwater mixes with the saturated liquid, the lower plenum region, the core consisting of 
bounded fuel elements where phase change takes place, the single phase "core-bypass" and a static 
separator-dryer region where the two-phase mixture is separated with liquid going back to the 
downcomer and steam going to the turbine. 

Finally, almost all BWR plants are equipped with a pressure suppression containment 
including a large pool of ambient temperature liquid (of the order of 5000 m^) where the steam-liquid 
mixture lost from a hypothetical primary circuit break can be condensed, thus lowering the maximum 
pressure expected inside the containment. As a consequence of an improbable accident, the same 
system also strongly reduces the radioactive contamination. 

The simplified sketches of the primary loop of different BWR types can be seen in Fig. 2-1. A 
detailed and comprehensive description of the above BWR types is far beyond the purposes of this 
document. Here four plants have been selected as representative, in the area of stability, of the entire 
class of boiling reactors. These are the Leibstadt (Switzerland, Fig. 2-Id), the Oskarshamn 3 
(Sweden, Fig. 2-le), the KRB (Germany, Fig. 2-le) and the Kashiwazaki (Japan, Fig. 2-le) plants. 
The last one is in the process of power ascension at the time being. 

A limited number of geometric and thermalhydrauhc parameters have been selected for the 
descriptions hereafter (see also Appendix A): they have a direct impact on the stability. 

2.1.1 General plant description 

A nuclear power plant is constituted by a wide ensemble of components, subsystems and 
systems that are part of different technologies or branches of engineering; chemical, electrotechnical, 
electronical, civil, mechanical, other than specifically nuclear and radiation related systems belong to 
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the plant. The attention is focused hereafter on some hardware/structura! related aspects, operational 
characteristics and general plant layout of the BWR. 

From a thermodynamic viewpoint, the basic feature of a BWR plant is the direct use in the 
turbine of the steam produced inside the core, structurally and hydraulically bounded by the reactor 
pressure vessel. As already mentioned, different possible nuclear power plant configurations, are 
sketched in Fig. 2-1. Additional typical views of BWR vessel interior, reactor loops and different 
containment concepts, can be seen in figures from A-l to A-11 of the Appendix A. Specifically, a 
vertical section of a BWR vessel with jet pump is shown in Fig. A-l; a typical fuel cell with four fuel 
bundles and one control rod is given in Fig. A-2 and various fuel bundles cross sections are shown in 
Fig. A-5; adopted containment concepts are shown in Figs. A-3 and A-6 to A-10; finally, the 
evolution in the design of primary loop vessel and of the containment system, can be drawn from 
Figs. A-4 and A-l 1, respectively. 

In all cases high quality steam is extracted from the vessel at about 7 MPa and feeds high and 
low pressure turbines; steam relief, isolation and control valves are installed on the steam lines that 
can be as long as 100 m. A bypass line connects the steam line with the condenser; this is isolated 
during the full power operation of the plant but is needed during unplanned or planned transients like 
start-up and shut-down. The expanded steam exiting from the low pressure turbine(s) is condensed in 
the condenser and pumped back to the vessel (feedwater system). The temperature of the liquid 
extracted from the condenser is around 300 K and is heated-up to about 100 K below the saturation 
temperature corresponding to the pressure in the vessel (around 560 K). This is obtained at the 
expense of the saturation temperature steam extracted from different stages of the turbines and is 
specifically needed for improving thermal efficiency of the plant. It might be noted that in modern 
BWR plants the trend has gone towards an increased number of feedwater heaters, so that feedwater 
temperatures have been raised from about 430 K in the older BWR to more than 585 K in the modern 
ones. These FW temperatures result in a core inlet subcooling as low as about 10 K, as already stated. 
These values clearly apply to full power. At reduced power (and here is where stability problems 
appear) the FW heating may be less efficient so that FW temperatures at part loads are lower than 
those at full load; in situations where poor stability is encountered» we usually experience core inlet 
subcooling of about 20-25 K. Intermediate heat exchangers of different design (separated or mixed 
flow, concurrent, countercurrent, U-tubes, etc.) are used to control the FW temperature. Moreover the 
preheated-subcooled feedwater injected into the vessel, mixes with the saturated liquid outcoming 
from the steam separator. The mixed liquid at a temperature 10-15 K below the saturation 
temperature at full power, flows into the downcomer and, eventually (cases in Figs. 2-lc to 2-1 e) 
through pumps, enters the core where the boiling process takes place. The steam-water mixture is 
separated into the steam separator component, with steam flowing up toward the steam lines and 
saturated liquid flowing back to the downcomer. In situations where stability is of concern, (see the 
operating flow map, e.g. Fig. 1-1), the above reported values may be different; for instance, core inlet 
subcooling may be close to zero or very high (several tens of K). 

From the reactor control viewpoint all reactor types with forced circulation, with the exception 
of the dual cycle one can operate in the turbine-follow mode, in order to accommodate for variations 
of the requested output power without moving the control rods. For instance, should a load increase 
occur, a flowrate increase through the core obtained by changing the loop configuration (e.g. 
increasing the main pump speed or properly throttling the recirculation loop valve) causes increases 
of the non-boiling height, of moderation, of generated fission power and of steam production; the 
opening of the valve admitting steam into the turbine leads to the mechanical power increase at the 
turbine shaft (turbine-follow mode, i.e. the turbine power achieves the requested value "following" the 
reactor power) without changing the vessel pressure. 
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Fig. 2-1 - Simplified sketches of different BWR plant types (examples of existing plants in 
parentheses). 

SOAR ON 8WRS - CHAPT. 2 
2/7 

17 



In all the plant types, control rods are inserted through the vessel bottom owing to the general 
configuration of the vessel and to its height (this due to the need of having internal separators and 
dryers) and to structural difficulties also connected with refuelling. Control rods absorb neutrons 
inside the bypass region where most of the thermal neutrons are generated. As a consequence of the 
larger moderation at the channel bottom, the axial power shape is typically bottom skewed. 

hi the natural circulation configuration (Fig. 2-la) the driving forces caused, in a gravity 
environment, by the elevation and by the different fluid densities in the downcomer and the core, are 
sufficient to establish a mass flow through the core suitable for removing the nuclear heat. Volumetric 
power density is relatively low (35 kW/1), compared with the (roughly) 55 kW/1 typical of the forced 
circulation BWR systems. 

Historically, the dual cycle plant (Fig. 2-1 b), was designed and constructed at the early stages 
of BWR development, with the main purpose of controlling the plant in the reactor-follow mode. A 
steam generator is introduced to vaporize part of the feedwater utilizing saturated liquid extracted 
from a primary steam drum (not represented in the reported sketch). 

The steam produced in the steam generator flows to the turbine through a secondary steam 
line and is used to control the plant in the reactor-follow mode. In this case, a load request increase 
causes opening of the valve on the secondary steam line, and immediate increase of turbine power: 
additional consequences are increase of heat transfer in the intermediate steam generator, decrease of 
temperature of the liquid pumped into the vessel (coming from the intermediate heat exchanger), 
increase of the non boiling height and of reactor power (the reactor power "follows" the turbine power). 
All the plants of this type are currently shutdown and no other information is provided in relation to this 
class of BWR. 

Recirculation pumps (Figs. 2.1 (c), (d) and (e)), have been introduced in order to increase the 
cooling capability of the core and, as a direct consequence, the average volumetric power (in the range 
50 - 60 kW/1). The simplest configuration is with external pumps (Fig. 2-îc) suctioning the fluid 
from the downcomer region and injecting it at larger pressure into the lower plenum. 

In the recirculation loop configuration including jet pumps (Fig.. 2-Id), two additional 
objectives are reached: (i) only a portion of the core flowrate flows externally to the vessel, and (ii) no 
large pipe is connected with the bottom of the vessel, making easier the flooding of the core should a 
large break in the vessel connected piping occur. 

The configuration with internal pumps (Fig. 2-le) eliminates piping and flows external to the 
vessel, but introduces moving parts inside the vessel (pumps shaft and impeller) that is avoided in 
the previous cases. 

hi Appendix A a list of thirteen quantities is reported (Tab. A-l) for each of the four BWRs 
taken into consideration in the present report (sect. 2). It must be noted that all the plant parameters 
are very similar; in the case of flowrates (items 8 and 10 of Tab. A-l), the ratios between flowrates 
and core power should be compared. Some differences should be noted as far as the pressure drop 
distribution is concerned. 

2.1.2 Relevant features of the vessel 

Nine main regions can be distinguished inside the vessel; upper and lower downcomer, 
recirculation loop (or pumps), lower plenum, core, upper plenum or chimney, separators, dryer and 
steam dome. 

Subcooled feedwater enters the vessel at about 2/3 of its height (the subcooling degree lies 
around 100 K, depending upon the power level) and saturated steam leaves the vessel from the upper 
part. 

The injected feedwater mixes up with the saturated recirculation liquid and flows downward 
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through the dowiicomer. The slightly subcooled downcomer liquid (subcooling degree around 15 K) 
flows through internal or external pumps that supply the needed kinetic energy and head. Downward 
flow reverses into the lower plenum and upward liquid flow enters the core (see also sect. 2.13). 

Two-phase mixture comes out from the core (core exit quality ranges around 0.15) and, after 
passing the upper plenum (or chimney) enters the separators where liquid and steam are inertially 
separated. 

The steam, before flowing out through the steam lines, passes through the dryers where 
quality is increased to values very close to unity, 

A few geometric (hardware) and thermalhydraulic parameters (boundary conditions) are 
relevant to the stability behaviour of the system: 

- pressure drops specifically caused by geometric discontinuities in the coolant flow path; those 
close to the core and at separator inlet have the greatest importance; 

- length and volume of the chimney region ; 
- subcooling at core inlet and in the downcomer, with main regard to the fraction that can be varied 

by the recirculation flow; 
- level in the downcomer, specifically in case of natural circulation. 

2.1.3 Core relevant parameters 

The core consists of fuel elements (or bundles) supported by the lower core support plate and 
separated from the downcomer by the shroud. Each fuel element is constituted by a number of fuel 
rods (Tab. A-2 in App. A) arranged in a square lattice and bounded by a zircaloy square box. The 
region outside the square box is occupied by single phase coolant constituting the core bypass. 
Cruciform control rods and neutronic flux detectors, are inserted in this bypass space. In modern 
BWR fuel, the non-boiling water flowrate passing through the fuel bundles at their inlet and adding to 
the bypass flow, may be larger than in older BWR cores. 

Essentially, the fuel boxes are necessary in order: 
a) to ensure sufficient moderator in the upper part of the core; 
b) to prevent transversal mixing of mass flow of the coolant. 

It should be noted that mainly the second item is directly connected with the stability problem. 
Additional components of the fuel element are the spacer grids, the lower and the upper core 

support plate and, depending upon the specific fuel design, the water rods or proper zones occupied 
by liquid (again to improve the moderation) inside the fuel bundle; the grids and the plates give rise to 
pressure drops that substantially affect the stability performance. 

Subcooled liquid from lower plenum enters the core region where it is heated up to boiling. 
This happens, roughly, in the first quarter of core along its vertical axis. Different flow regimes occur 
simultaneously inside the bundles, ranging from bubbly to annular flow. Mostly, subcooled and 
saturated nucleate boiling, including annular flow boiling, characterize the heat transfer between fuel 
cladding; and coolant in nominal plant operation conditions; several additional heat transfer regimes 
may take place during off-normal situations. 

A small fraction of the core power (slightly less than 2% in nominal conditions) is generated 
into the bypass region owing to the interactions of radiation with the coolant and the structures 
specifically including the neutrons moderation process; the bypass liquid is also heated up through 
the fuel box by the wanner two-phase mixture inside. 

From thermalhydraulic-neutronic-fuel viewpoints, the fundamental parameters affecting the 
stability, other than the already mentioned pressure drops by friction and at geometric discontinuities, 
are (see also sect. 2.3.4): 
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- the axial linear power distribution and the peak power that also determine the non-boiling height; 
- the radial power (global power) distribution ; 
- the materials and geometry, i.e. the rod heat conductance determined by fuel, gap and cladding 

thermal conductivity and by diameters and thicknesses (more detailed discussion in Chapt. 6.); 
~ the reactivity coefficients that can be gathered by the overall void and Doppler 

contributions when describing core behaviour in an integral manner: these are determined by and 
affect the coupling between neutronics, thermalhydraulics and heat conduction inside the fuel rods. 

On a system level, relevant combinations of the mentioned fundamental parameters lead to the 
effect upon stability of: 

- the core bypass volume: indeed the increase in core bypass volume improves stability, e.g. 
ref. [2.18], as a consequence of the decrease in void reactivity coefficient; 

- core bypass flow may have an opposite influence on stability, ref. [2.51]; 
- the fuel assembly type, e.g. ref. [2.19]: different fuel types can be present at the same time in a core; 
- the burnup: the influence of burnup on stability may cause a variation in the stability threshold, e.g. 

ref. [2.20]; 
- the control rods patterns. 

In Appendix A a list of twenty-one quantities related to the core is reported (Tab, A-2), for 
four BWRs taken into consideration in the present report (sect 2,1). It must be noted that even the 
core related parameters are similar for the various cases. Differences can be noted as far as the 
average linear power is concerned; variations in the reactivity coefficients relate to both BOL 
(Beginning of Life) and EOL (End of Life) situations. 

2.1.4 Relevant features of balance of plant 

The Balance of Plant (BoP) in this report refers to components and systems, inside and 
outside the nuclear island, necessary to transform the thermal energy into electrical energy with 
optimized overall efficiency and by hardware and software to control the entire plant performance. 

The former category of systems includes the turbines, the condenser primary and secondary 
sides, the moisture separators, the feedwater preheaters, the feedwater pumps, the turbine bypass and 
the related piping and valves. 

The latter category includes the systems and the tools to detect and control turbine speed, 
feedwater temperature, vessel pressure, vessel level, mismatch between feedwater and steam lines 
flowrates, recirculation loop flowrate, position of the control rods and, in the long term, fuel burnup. 

AH the above mentioned systems may have the potential to influence on the 
plant stability; the systems in the second category can be modified to be less 
susceptible to instability by adjusting control parameters such as gain, time constants 
and time lags; these parameters are independent of core design and not of fundamental 
concern for the plant safety. However, large differences exist among the various plant 
families and inside the same family, both concerning the systems structures and the respective use 
philosophies. 

An example of BWR control systems is given in Fig. 2-2 (ref. [2.23]). A not exhaustive list of 
BoP parameters, or of BoP controlled parameters, relevant to stability, is as follows: 
- feedwater thermalhydraulic conditions (flowrate and temperature) also controlled by downcomer 

level and flow mismatch related to the steam line; 
- reactor (steam dome) pressure also controlled by turbine and turbine bypass valves; 
- recirculation pump velocity, directly affecting core flow, also controlled by the turbine shaft load; 
- feedwater preheaters dynamics, directly affecting feedwater temperature. 
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Nomenclature for Fig. 2-2. 
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* Three main control blocks are represented (dashed areas): 

1. Recirculation Flow (RF) 
2. Feedwater Flow (FW) 
3. Pressure (P) 

For each of these, the detailed transfer function block diagram are given in ref. [2.23], 

* Other symbols or acronyms 

Main turbine bypass valve 
Imposed demand error 
Inlet (control) valve for feedwater turbine 
Feedwater 
Inlet (control) valve for feedwater preheater 
Vessel downcomer level 
Main Steam Isolation Valves 
pressure 
Steam Relief Valves 
Main turbine inlet valve 
Steam or feedwater flowrate 
Main generator angular speed 

BPV = 
D 
FTV = 
FW = 
HTV = 
L 
MSIV = 
p 
SRV = 
TCV = 
W 

Co 

Fig. 2-2 - Schematic of BWR model with control systems, Réf. I2.23J. 
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2.2 Phenomenology of BWR Plant Instability 

The phenomenological evaluation of the stability in BWR plants constitutes the central point 
of the top-down approach: relevant information and guidelines for research, monitoring, code 
development, design, safety and licensing must be validated, at least, from measurements and 
observations in real reactors. An attempt has been made hereafter to provide information unbiased 
either by experimental data, which may not be representative of reactor situations, or by the use of 
theoretical models, including sophisticate codes, which may be not adequately qualified. 

Both planned and unplanned instability events, (stability tests and inadvertent instability events 
in the next two sections, respectively), are systematically described in Chapt. 6. In the following, relevant 
data are discussed (sect. 2.2.1) in order to draw a comprehensive picture of the core stability in BWR 
plants. 

2.2.1 Experience from instability events 

Stability in BWRs has been a topic of great interest in actual plants and fuel design. It has 
been an important area for thermalhydraulic engineers of BWR, who have been developing the 
understanding of involved phenomena and the numerical tools necessary for the analysis. 

Over a period of several years there have been approximately thirty instability events in 
commercial BWRs. In-reactor core tests have been performed to study stability behaviour; a few 
unplanned events occurred during normal operations, essentially start-up processes or recirculation 
pump trip transients. 

The recent event in LaSalle-2 plant in March 1988, e.g. refs. [2.22] and [2.23], that caused a 
high neutron flux scram, attracted again the attention toward this topic. Since the US NRC issued 
notices and asked the BWR utilities to take a long term action to solve the stability problem, refs. 
[2.24] and [2.25] (see also Chapt. 7), international interest on this topic has grown significantly. 

One of the NRC major concerns was the so-called out-of-phase oscillation: one of the first 
events that occurred, was in 1984 at the Caorso plant, ref. [2.26]. Since that time, it has been 
observed on a number of occasions (e.g. Chapt. 6), 

2.2J J Stability tests 

Several tens of stability tests have been performed in BWR plants. The following describes 
typical examples including sequences of events. 

One of the early stability tests was conducted at Peach Bottom-2 in April 1977, ref. [2.11] 
(see also ref. [2.27]). The reactor design was a 3293 MWt GE BWR-4 type and the stability tests 
were conducted along the low flow end of the rated power flow line (see also Fig. 1-1 ), and along the 
power flow line corresponding to the minimum recirculation pump speed. The reactor core stability 
margin was determined from an empirical model fitted to the experimentally derived transfer function 
between core pressure and the APRM (Average Power Range Monitor) signals. 

The stability tests were initiated by running periodic and pseudo-random binary switching 
small step inputs to the system pressure regulator reference setpoint. The switching period of the 
periodic input command signal was 20 s and the minimum switching time of the PRBS signal was 1 
s. The magnitude of the pressure setpoint steps was approximately 0.06 MPa (8 psi). The rise time of 
the reactor pressure response to a pressure regulator step input command was approximately 1.5 s. 
Low flow tests were performed at reactor power and core flow rate ranging between 43% and 60% 
and between 38% and 51% respectively. Resonance frequency was measured in the range 0.4 - 0.5 
Hz (see also refs. [2.56] and [2.57]). 
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In November 1980, stability tests under natural circulation conditions were integrated into the -
normal start-up testing at TVO-2. rcf. [2.28]. TVO-2 is an ABB ATOM internal pump type BWR 
with 2000 MWt rating. The reactor stability margin was evaluated by Fourier inversion of the 
transfer function from reactor pressure to APRM. This was obtained from measurements during 
sinusoidal perturbation of the turbine admission valve positions. Under natural circulation, 
established by tripping the pumps sequentially, four of the six pumps stopped and remained 
stationary while two pumps continued to rotate, driven by the flow and by inertia and connected with 
the respective engines. After the pump trip, reactor power was increased by control rod withdrawal. 
Self sustained neutron flux oscillations were recorded at 57.2% core power. The APRM signal 
oscillates almost purely sinusoidally at 0.34 Hz, with an amplitude of 5% of the rated power and in a 
global mode, i.e. the Local Power Range Monitors (LPRM) oscillated in phase at all radial locations. 

The stability tests at Vermont Yankee in March 1981, rcf. [2.29], was one of the test during 
which oscillations were detected. The plant is equipped with a GE BWR-4 type reactor with 1593 
MWt rated power. The tests were performed with recirculation pumps stopped (natural circulation) 
and with all pumps running at minimum speed. Control rod patterns were adjusted to achieve 
relatively high power levels. A limit cycle condition was achieved without perturbation at the highest 
[lower value under natural circulation. The limit cycle oscillation was suppressed when a few control 
rods were inserted slightly. No unusual behaviour nor equipment damage occurred. 

The twin unit nuclear power plants K.RB-B and K.RB-C, each having a rated power of 3840 
MWt, arc BWR designed by KWU-Sicmcns. KRB-B and KRB-C stability tests were performed in 
April 1984 and November 1984, respectively, rcf. [2.30]. The tests showed that both units were 
stable in normal operating range, and stable to the power level above the 100% control rod line at 
minimum recirculation pump speed. The limit cycles observed in neutron flux at slightly above the 
stability threshold power level, were characterized by out-of-phase oscillations: half of the core 
appeared to be out of phase with respect to the other half. The amplitude of APRM was only a 
fraction of the amplitude observed in LPRM, The out-of-phasc oscillation mode developed from an 
initially more or less random situation and settled into a stable mode later on. 

2.2.1.2 inadvertent instability events 

Some of the inadvertent instability events in operating BWR plants are described below. AH 
of these can be classified as wide core oscillations (sec also sect. 2.3 and sect. 6.2). 

Forsmark-1 has been in operation since 1980. Originally, the core design output was 2711 
MWt. This was referred as "100% power". In 1986, the core design output was raised to 2928 MWt, 
an uprating of 8%. Forsmark-1 is a member of the ABB Atom supplied BWRs equipped with 
internal recirculation pumps. In each of the six ABB atom "internal pump plants", the coolant flow is 
measured via instrumentation that monitors the inlet flows to eight core coolant channels. When 
Forsmark-1 was in the power ascension phase, after the annual shutdown of 1987 for refuelling and 
maintenance, oscillations of unusually large amplitudes were observed in the APRM signal, shortly 
after reaching 65% power, refs. [2.31] and [2.9]. 

LaSallc unit 2 is a GE BWR-5 plant; general plant characteristics can also be found in the 
App. A. On March 9 1988, LaSallc Unit 2 underwent a dual recirculation pump trip event, as already 
mentioned, refs. [2.22] and [2.23]. After the pump trip, the unit experienced an excessive neutron 
flux oscillation under natural circulation conditions. In addition, as a result of the rapid power 
decrease, the fecdwater heater level control system was unable to control the level in the fecdwater 
heaters and began isolating the extraction steam from the heaters. This resulted in a positive reactivity 
addition because cooler fecdwater was being supplied to the reactor. This, in turn, caused a power 
increase further reducing the margins from instability. Approximately seven minutes after the 
recirculation pump trip, the reactor automatically scrammed on APRM neutron high flux ( 118% trip). 
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Although the power oscillations were larger than expected, no fuel thermal or mechanical limits were 
exceeded during the event. 

WNP-2 is a GE BWR-6 plant; general plant characteristics can be found-in App. A. The 
concerned reactor core consisted of two fuel types having slightly different pressure drops. On 
August 15, 1992. WNP-2 experienced power oscillations during the start-up operation, rcf. [2.32]. 
About 33 hours before the event, the operators commenced a controlled power reduction from full 
power to 5%; afterwards the power was increased again up to 34% and then held constant for 3 
hours. The operators continued the power increase along the 30% flow line up to about 36% power. 
The operators then began closing one of the two flow control valves in preparation for shifting the 
associated recirculation pump to fast speed. During this period, when power and flow decreased along 
the 76%. rod line to power and flow levels of about 34% and 27%, respectively, oscillations occurred. 
Manual scram followcd-up. The post event review showed in-phasc oscillations, core wide, with peak 
to peak amplitude of about 25% of the rated power. The primary cause of the oscillation was 
considered to be the very skewed radial and bottom peaked axial power distribution (1.92 and 1.62 
radial and average axial peaking factor, respectively). 

Fig. 2-3 - Advent of instability in a KWU-PL72 BWR: typical time trends of LPRM, 
APRM and vessel pressure signals, Rcf. |2.301. 
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2.2.1.3 Significant instability data 

The thermal hydraulic and ncutronic scenario following an instability event in a BWR plant is 
relatively simple compared with long lasting transients and LOCA (Loss of Coolant Accident) in 
LVVR: a few quantities arc sufficient to identify the time evolution of the event 

Essentially, LPRM and APRM signals, vessel pressure and ffowratcs at core inlet and in 
fecdwatcr and steam lines, arc used to characterize an instability transient. The Decay Ratio, (DR -
sec also sect. 2.3), is derived from LPRM and APRM readings and is also used to this aim: the value 
DR = 1 separates stable from unstable zones through lines typically drawn in the power flow map 
(Fig. I -I, sec also below). 

In the following some data taken from the literature and related to the detection of plant 
unstable situations, arc discussed; a few results of signal processing arc considered, too. 

The time trends from LPRM, APRM and vessel pressure transducers, measured in a Siemens-
KWU PL-72 plant during an instability event, arc given in Fig. 2-3 [rcf 2.30]. Four observations 
outcome from the last pictures: 
a) the frequency of LPRM oscillation is of the order of 0.5 Hz; 
b) APRM signal is much smoother than the LPRM signal: the APRM signal is a combination of 

several LPRM signal (typically 20); 
c) the average power increases during the oscillation; 
d) pressure trend is almost unaffected by power variations, in the considered range. 

Information similar to the above can be drawn from the data acquisition system recording 
obtained during the LaSalle transient already discussed. This is shown in Fig. 2-4. [ref. 2.23]. The 
signals relate to one minute (approximately) before the high power automatic scram consequent to the 
instability event; the set-point (118% power) is reported on the right axis of the diagram in the scale 
of the APRM "A" reading. Two of the three APRM signals are clearly in phase; the third one 
oscillates with a much lower amplitude compared with the previous ones. The frequency of 
oscillations of core flow and downcomer level is the same as for the APRM signals; this is not true 
for the phase. 

Out of phase oscillations were measured in Caorso [rcf. 2.26]. A detailed map of the resulting 
DR (in each channel) is reported in Fig. 2-5a (the calculated DR values are multiplied by 100 in Fig. 
2-5a; in addition, the values reported arc calculated adopting a frequency domain method); the 180° 
phase opposition LPRM signals along the core diagonal identified by numbers from 1 to 6 in Fig. 
2-5a, can be seen in Fig. 2-5b. The amplitude of oscillations is strongly different among the various 
channels as can be inferred from the very different values of DR. Another example of regional 
oscillations, observed in the Siemens-KAVU KRB plant [ref 2.33], is given in Fig. 2-6. A neutral line 
separates the core diagonally: oscillations amplitudes are close to zero along such line. In a way 
similar to what observed in Caorso (e.g. maximum value of DR in Fig. 2-5a), the largest oscillation 
amplitudes can be observed in channels occupying symmetrical positions with respect to the neutral 
diagonal. 

An elaboration of LPRM signals utilizing the Multivariate Auto-Regressive technique (MAR) 
has been done in rcf [2.34]. Some results are exemplified in Figs. 2-7a and 2-7b and are related to 
out of phase oscillations in the Ringhals BWR plant. Phase lags of various LPRM related to the 
LPRM 162 (radial position 16, axial position 2) are shown by the arrows inclinations in Fig. 2-7a, 
and the relative oscillation amplitude is represented by arrow lengths. The use of the MAR allowed 
the identification of mostly one-sided influence between power related oscillation (e.g. ref [2.52]) 
along the string 16 and along other strings as shown in Fig. 2-7b. The conclusion is that there exists a 
center of oscillations (or an unstable group of channels) driving the oscillations in the whole core; this 
is around the string 16 in the considered situation. However, no physical explanation has been 
simplified for such a correlation. 
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Fig. 2-4 - STARTREC (plant data acquisition system) recordings from the LaSalIe-2 
instability, taken during (he last minute before scram, Réf. [2.23J. 
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Fig. 2-5a - Decay ratios of fuel channel under natural circulation and LPRM locations in 
Caorso stability test, Réf. [2.26]. 
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Fig, 2-5b - LPRM readings during the limit cycle oscillations at Caorso, [Ref. 2.261-
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Fig. 2-6 - KRB unit B, regional oscillations: a neutral stability diagonal can be identified, 
kef. [2.33]. 

A more complex oscillatory scenario is reported in ref. [2.35]. This was detected in the ABB-
Atom Oskarshamn 3 BWR (internal recirculation pumps, 3000 MWt rated power). The measured 
typical situation is depicted in Fig. 2-8, where amplitudes and phase shifts are reported: each number 
identifies a LPRM string consisting of four detectors axially distributed. For each LPRM location, 
four arrows arc reported, corresponding to the four axially distributed neutron detectors. The phase 
shifts in the radial direction change proportionally to the detector azimuthal location. The phase shifts 
in the axial positions arc almost constant. So, the neutron flux (i.e. the core power) oscillates in a 
rotating mode with the resulting wave travelling upwards and clockwise around the core. During the 
test, a sudden stop of the rotation was observed with neutron flux oscillating at opposite phases in 
two halves of the core divided by a symmetry line (typical out of phase oscillation mode, previously 
considered). The rotational travelling wave pattern, re-develops with the direction of rotation being 
typically reversed, [réf. 2.35J. 
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Fig. 2-7a - Phase lag between different LPRM signals in the Ringhais reactor core. The 
arrow direction shows the phase with LPRM 162 (position 16, axial level 2) as a 
reference. The length of the arrow is in proportion to the oscillation amplitude, 
Ref. (2.341. 

Fig. 2-7b - Coupling between different LPRM signals in the Ringhais 1 reactor core. The left 
hand figure shows the influence between LPRM 032 - 102 - 132 - 202 and 162. 
The right hand figure shows the influence between LPRM 312 - 352 - 232 and 
162 (see also Fig. 2-7a for interpretation of LPRM identifiers), Rcf. |2.34|. 
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Fig. 2-8 - Oskarshamn 3 measured LPRM signal relative oscillation amplitudes, 25.92 -
33.28 s. The four arrows relate to the four LPRM (axially distributed) 
corresponding to each string, Réf. [2.35I. 
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Fig. 2-9 - KRB unit B stability boundary, Ref. |2.33J. 
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Fig. 2-10 - Variation of the stability threshold during cycle 14 for single-loop operation and 
for natural circulation in a jet pump BWR, Ref. [2.20]. 
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Fig. 2-11 - Decay ratio versus number of running internal recirculation pumps at minimum 
speed in an internal recirculation pump BWR, Rcf. [2.36], 
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Additional results from stability tests performed in BWR plants, are of the types sketched in 
Figs. 2-9 to 2-11 [refs. 2.33, 2.20 and 2.36, respectively]. The stability boundary (a definition of 
stability boundary is given under sect. 2.3.1) is identified in Fig. 2-9 from measured data in the 
Siemens-KWU KRB reactor; this may be a function of several system parameters including the fuel 
type and distribution, the burnup, the BoP, the control rods pattern, etc., other than the power and 
flow level. The variation of the stability threshold in the Siemens-KWU KWW reactor (jet pump 
BWR, 1912 MWt rated power) as a function of the fuel bumup, is reported in Fig. 2-10 in the cases 
of natural circulation and single loop operation. 

The complex dependence of stability upon burnup should be observed; furthermore, the 
situation with one (out of two) recirculation loop operating, appears less stable than the situation 
without operating pumps (natural circulation boundary). A different information comes from data 
measured in the Siemens-KWU KKK reactor (internal pumps BWR, 3690 MWt rated power), as 
shown in Fig. 2-11: the decay ratio becomes larger and larger when the number of internal 
recirculating pumps running at the minimum speed, is reduced, approaching the unity value (unstable 
reactor) with 4 (out often) pumps in operation. 

It seems worthwhile to note again that all the considered unstable scenarios have been 
detected in a region of the power flow map that is excluded for the normal operation of the reactors 
(Fig. 1-1, see also Chapts. 5,6 and 7). 

2.2.2 Qualitative evaluation 

Outlines of several instability events of BWR plants have been discussed in the previous 
sections. Some of them were inadvertent events and others were induced intentionally as experiments. 
Instabilities were identified as periodic oscillations of the neutron flux via instrumentation readings. 

The flux peak reached the scram set-point, that is 118% of the rated level in the most extreme 
case related to the LaSalle-2 BWR. In this case neutron flux behaved in phase at all azimuthal and 
radial locations of the core. 

hi some instabilities, neutron flux oscillations were out of phase at different locations in the 
core; a diagonal symmetry line could be identified in the majorities of the cases. In one case (sect. 
2.2.1.3) a rotating travelling wave was identified. 

Some core flow measurements indicated cyclic oscillations of coolant flow at the unstable 
condition which was synchronized with neutron flux oscillation. In some reactors, channel flow 
instrumentation signals showed correlations between the channel flows and local neutron flux levels 
around the channel, [e.g. ref. 2.19], 

Some of the instability events arose under natural circulation conditions, that is with all 
recirculation pump motors at zero speed; others developed under the condition of rather small core 
flow owing to reduced recirculation pumps speed. Though there are some unique features in each 
instability event, there are many characteristics common to all instability events. Since many 
parameters are interrelated in the BWR plants, the effect of each parameter must be identified 
separately. Some general characteristics of BWR plant instabilities are as follows (more detailed 
explanations of the physics of the oscillations can be found in sects, 2.3.2.2 and 3.1.1). 
- AH instability events arose under low flow conditions, in most cases at less than 40% of the rated 

core flow. Thus coolant flow is a key factor of instability. 
- When instabilities have been observed, core power was less than the rated power because of the 

partial core flow condition. In most cases, when core power was reduced by control rods insertion, 
the core became stable. In some other cases, an average power increase induced an unstable 
condition or made wider the oscillation amplitudes. Thus it is clear that the higher the core power 
is (within an identifiable parameters range), the more susceptible the core becomes to instability. 

- Most instabilities reached the limit cycle condition for the neutron flux. Limit cycle amplitude 
depends on the "how much" unstable the core condition is, 
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- Axial power shape affects the instability. A bottom peaked power shape appears more likely to 
induce instability. However, tike in other cases, the effort axial power shape on oscillations must 
be considered in the context of the composite core state. 

- Although the average core power is the same, higher radial power peaking makes a core more 
unstable. In addition, rather high power core channels in the peripheral region, were found in out of 
phase oscillation cases. 

- Pressure distribution inside the vessel with main regard to the pressure drops at geometric 
discontinuities (e.g. core inlet and outlet, separators, etc.) have a noticeable effect on stability: 
increase in pressure drop at core inlet is stabilizing, the opposite occurs in the core outlet region 
including separators, if the other conditions are kept constant. Separators, owing to their distance 
from the core may introduce other frequencies in the oscillations. 

- In some cases, when inlet subcooling increased, the core became less stable because core power 
becomes higher and axial power shape becomes more bottom peaked if inlet subcooling increases. 
There is direct thermalhydraulic effect by inlet subcooling but tendency can vary depending on 
operating conditions. As mentioned before, higher power conditions and bottom peaked axial 
power distributions, make the core less stable. Therefore, the independent effect of coolant 
subcooling might not be clear from the real plant experience and must not be confused with the 
power effect or other factors. 

- Frequencies in all the observed oscillations were from 0.2 to 0.6 Hz. These happen to be in the 
frequency range that is typical of density wave oscillations (see also sect, 2.3). Other instability 
phenomena may have the same or different resonance frequency ranges (see also sect 3.2). 

- BWR fuel rods have thermal time constants ranging from three to eight seconds, making the fuel 
mechanical duty induced by local temperature variations during a transient milder, even for large 
amplitude oscillations, ref. [2.39], 

- When a specific analysis has been carried out, correlations between LPRM signals have been 
found (see also sect. 2.2.1.3); in some cases the concerned LPRM were in opposite zones of the 
core. This observation might bring to exclude the possibility of undetectable single channel 
oscillation; i.e., proper analysis of an LPRM signal related to an assigned radial position in the 
core, may reveal instability in a different radial position in the core, thus making easier the neutron 
flux oscillation detection. However, stability conditions may be strongly different among the 
various channels of a core. 

- Complex relationships may exist between stability boundaries and system related parameters like 
fuel burnup as also pointed out in sect. 2.2.1.3. 

Most of the characteristics described above may be interpreted and understood if those 
instabilities were considered to be thermalhydraulic density wave oscillations coupled with neutron 
kinetics feedback as in the sect. 2.3.2. Main driving force of density wave oscillations in a boiling 
channel comes from the phase lag between the response of the two phase pressure loss and single 
phase pressure loss. ïn a boiling channel, when the ratio of two phase pressure loss to single phase 
pressure loss becomes larger, the feedback gain becomes larger, and the channel becomes less stable. 
Low flow, high power, high radial power peaking and bottom peaked axial power shape, all increase 
the two phase pressure losses and make thermalhydraulic conditions less stable, consistent with plant 
experience. 

As already mentioned, some control systems may have the potential to influence stability, or 
in extreme situations to trigger the instability (control system instability, e.g. [ref. 2.49]); in the latter 
case, the system can be modified to be less susceptible to instability by adjusting control parameters 
that are not part of the system hardware and are independent upon core design and not of fundamental 
concern. 

hi general terms, though density wave mechanism can be used to characterize the instability 
phenomena in BWR plants, several plant related parameters connected with hardware, boundary 
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conditions, operational characteristics, BoP configuration, etc., and different fundamental 
thermalhydraulic and neutronic phenomena, may have an influence upon instability occurrence and 
evolution. 

2.3 Characterization of Instabilities 

The objective of this section is to arrive at a "Coherent, Agreed, Simple, Understandable and 
General" description of instabilities in BWR plants. 

Starting considerations are: 
a) there are papers in the literature including the description of fundamental mechanisms (e.g. paper 

by R.T. Lahey, ref. [238], Thesis by K. Svanholm, ref. [2.6]) or of complex neutronic 
thermalhydraulic interactions (e.g. paper by J. March Leuba and E.D. Blakeman, ref. [2.39]); 

b) there are review papers in the literature (e.g. paper by J A Bourè, A.E. Bergles, L.S. Tong, ref. 
[2.4], paper by M. Podowski, ref. [2,40]), or textbooks (e.g. ANS Edition by R.T. Lahey and F. J. 
Moody, ref.[2.2]) dealing with instabilities; 

c) there are reports dealing with detailed calculations and in depth analyses of instability phenomena 
in BWR plants (e.g. report by W. Wulff, H.S. Cheng, A.N. Malien, U.S. Rohatgi, ref. [2.23]); 

d) instabilities of interest are those occurring in the plants. 
So, no duplication of those efforts (items a) to c)), has been attempted hereafter; rather a 

comprehensive qualitative assessment of involved phenomena and relevant aspects, including the 
current terminology, is reported in the following. Although the phenomena in the BWR plant are the 
reference ones, some concepts, mostly in sect 2.3.2, are applicable or come from simpler test loops. 

The structure of the present section has been defined as follows (see also the discussion at 
page 2/4): 
- sect. 2.3.1 includes the definition of terms that are used in the subsequent sections and in the rest 

of the report; 
- a summary of what is reported in the relevant literature leading to a simple classification of 

instabilities (sects. 2.3.2 and 2.3.2.1); 
- an example of simplified description of the density wave mechanism in sect. 2.3.2.2 (this is part 

of the current literature, see also sect. 3.1.1.1); 
- observations from instability occurrences in the BWR plant, including insight into the physical 

mechanisms and parameters affecting the involved phenomena (sects. 2.3.3. and 2.3.4, 
respectively); 

- mention of instabilities reported in literature in non-BWR nuclear power plants (sect. 2.3.5). 
The classification of instabilities as proposed in the Executive Summary must be considered 

as a follow-up of the effort made in writing the present and the following chapters and of the related 
findings. 

2.3.1 Nomenclature 

It appears worthwhile to introduce a series of terms or expressions that are currently used in 
the stability analysis and in the present document giving them an agreed meaning or interpretation. 
These are reported hereafter in an alphabetic order. If not specifically mentioned the terms are 
applicable to BWR plant and out of core loops. 

Acoustic instability: This occurs when standing waves are excited in a single or two-phase system 
with a frequency in the acoustic range: steam line resonance and acoustic instabilities in the steam 
dome and upper plenum regions of BWRs have been observed, ref, [2.2]. 
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Autocorrelation function: This identifies, in the time domain, the relationship between a signal and 
the same signal time shifted, 

Autoreeressive models: This is a mathematical procedure adopted to infer parameters characterizing 
the system dynamic behaviour on the basis of recorded signais. The signal value at a given time is put 
in relation with the values at previous times considering the superposition of white noise. 

Balance of Plant (BoP): The Balance of Plant (BoP) in this report refers to components and systems, 
inside and outside the nuclear island, necessary to transform the thermal energy into electrical energy 
with optimized overall efficiency and by hardware and software to control the entire plant 
performance, (see also sect. 2.1.4). 

Chimney: The chimney in a boiling water loop is intended as the zone of the riser comprised between 
the top of the core and the separators region. 

Core Boiling Boundary Fraction: This is the ratio between the core power fraction up to the defined 
core average boiling boundary limit and the core power fraction required for coolant saturation. 

(Core) or stability monitor: This is a sub-system specifically included in the monitoring system that 
accounts for core stability; the sub-system may only detect core stability or also take (automatically) 
effective countermeasures. 

Coupled neutronic and thermal-hydraulic instabilities: They are the wide variety of oscillations 
occurring in BWRs which are the result of the interaction between thermal-hydraulic and neutronic 
phenomena. Core-wide, out-of-phase and local oscillations belong to this class. 

Core wide: These terms are related to oscillations of neutron flux. Core wide oscillations identify zero 
phase shift on a horizontal radial plane among punctual vectors (i.e. vectors having the origin in an 
assigned "point") representing local neutron flux. Positive or negative oscillation phases may exist in 
the core wide oscillation mode along the vertical axis. 

Decay Ratio: The DR is defined as the ratio of two consecutive maxima of the impulse response. As 
reported in ref. [2.42], two methods for extracting the DR value from neutron noise signal are 
commonly in use: a) utilizing the autocorrelation function; b) from the impulse response which can be 
obtained by autoregressive modelling of the neutron noise. Either A1/A2 (ratio of two consecutive 
maxima related to the horizontal time axis) either B1/B2 (ratio of distances between two consecutive 
peaks and a line connecting the "opposite peaks") can be taken to obtain the DR value (see the sketch 
at the top of next page). A more in depth discussion about the meaning and the use of the decay ratio, 
can be found in Appendix B. 

Density wave: A density wave is a perturbation in the density of the fluid mixture, which travels 
along the heated channel with a characteristic speed depending on local conditions. Density wave 
oscillations (DWOs) are the basic mechanism credited for triggering and sustaining the relevant 
oscillation phenomena in boiling water reactor cores, hi other words, the observed instability 
phenomena have been explained making reference to the delays involved in density wave propagation 
(see also sect. 2.3.2). 

Doppler coefficient: See neutronic feedback. 

Dual oscillations: Simultaneous occurrence of in phase and out of phase oscillations. 
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Dynamic instabilities: These terms characterize the wider class of instabilities that can be studied 
only through the use of time-dependent balance equations. 

Exclusion zone: In the BWR operating power/flow map, the exclusion zone is a region not allowed 
during the nominal operation of the reactor. 

Fast Fourier Transform: This is an algorithm allowing fast calculations of the Fourier Transform; it 
allows the analysis into the frequency domain of time dependent set of data. 

Flow biased APRM scram: The APRM signal is considered together with the core flow signal before 
taking control action in BWR plant. 

Flow excursion (Ledinegg) instability: This is a type of static instability that is determined by the 
relationship between the pressure drop characteristic of a boiling channel and the pressure drop 
characteristic imposed by an external system, see also ref. [2.2]. 

Flow regime induced instability: The periodicity of some flow regime (e.g. slug flow) excite this 
instability mode, ref. [2.2]. 

Flow regime "relaxation" instability: This is a static instability due to flow regime changes, ref. [2,2]. 

Harmonic modes: Harmonic modes are represented by the eigenfunctions in which the general 
solution of the partial differential neutron diffusion equation, applied in a given domain (e.g., the 
reactor core) with appropriate boundary conditions (e.g., zero neutron flux at the extrapolated 
boundary), can be decomposed. In this respect, the transient evolution of neutron flux in the core can 
be viewed as the superposition of harmonic modes, weighted by appropriate functions representing 
their relative importance at each time. In steady-state conditions, only the fundamental mode is 
"critical" (i.e., its weight is constant and equal to I), the higher order ones being decayed during 
previous transients. During reactor core instability events, harmonic modes may be differently excited 
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giving rise to the observed variety of oscillation patterns (core-wide or regional). 

Hopf bifurcation: While changing one or more system parameters, a Hopf bifurcation occurs when a 
stable fixed point becomes unstable and limit cycles appears. In particular, supercritical Hopf 
bifurcations lead to the appearance of a stable limit cycle, which works as an attractor of trajectories 
spiralling out from the previously stable fixed point; on the other hand, subcritical Hopf bifurcations 
involve the appearance of stable and unstable limit cycles, which respectively attract and repel 
trajectories. In the latter case, in a limited parameter range, the fixed point may be stable, for small 
perturbations and unstable for large ones. 

Kinematic wave: A wave that progresses with the speed of the fluid, either steam or liquid or two-
phase mixture. 

Limit cycle: A limit cycle is a particular long term periodic solution of the differential equations 
describing a non-linear system, which is encountered studying the system behaviour beyond the linear 
stability threshold. Limit cycles are named "stable", if they attract system trajectories starting from 
nearby states, or "unstable", if they repel them. Stable limit cycles have been observed in BWRs and 
other boiling systems during instabilities and are ideally characterized by a periodic oscillatory 
behaviour with constant amplitude and frequency. As a matter of fact, limit cycles observed in BWRs 
during tests or inadvertent occurrences are not so ideal, showing gradual changes in amplitude and 
frequency of oscillations as a result of drift in system parameters. 

Monitoring system: Everything at hardware and software level, that is used to detect reactor 
configuration (the core stability monitor is a part of this). For instance, the instrumentation used for 
measuring neutron flux, coolant flow, core inlet subcooling, pressure and FW flow is part of the 
monitoring system. 

NPCH/NSUB: These are non dimensional quantities whose physical meaning is (Mass flux due to 
phase change/inlet mass flux) and (boiling channel entrance subcooling/latent heat), respectively, 
refs. [2.45] and [2.46], 

Neutral diagonal: In the case of symmetrical out of phase oscillations involving two halves 
of the core, the neutral diagonal identifies a line (or a stripe) in the radial horizontal plane 
which is characterized by oscillation amplitudes significantly smaller than in the other parts of the 
core. 

Neutromc feedback: Thermalhydraulic instabilities may occur even in out of core loops. Oscillation in 
thermalhydraulic quantities may induce oscillations in neutromc related quantities (mostly, neutron 
flux), in in-core systems. Neutronic feedback identifies the physical variables carrying the 
(oscillatory) information from the neutron to the thermalhydraulic domain and the resulting effects. 
The neutronic feedback occurs mostly (but not exclusively) through the average channel void fraction 
("void coefficient") and the average ftiel rod temperature ("Doppler coefficient"). 

Out of phase: Synonymous of regional (oscillations). 

Parallel channels: Different fuel elements up to including the entire core are reported as parallel 
channels. Parallel channel oscillations may be either "core wide" either "regional". These terms (i.e. 
parallel channel) are mostly appropriate for out of core test loops. 

Phase delay: This is the phase shift between the phase of the oscillations of generic signal and the 
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phase of a reference signal 

Pressure drop oscillations (PDO): In this case a Ledinegg type instability and a compressible volume 
in the boiling system interact, réf. [2.2]. It might be noted that PDO is a dynamic type of oscillations 
and Lcdinegg is a static one, (see also sect. 3.2). 

Regional: As opposite to core-wide, the term regional identifies phenomena occurring in different 
ways in the various regions within a radial core plane. In particular, "regional (or outrof-phase) 
oscillations" are commonly referred to those instabilities in which different core zones (generally two 
halves separated by a diameter) show a considerable phase shift in neutron flux oscillations (generally 
around 180u). 

Pseudo Random Binary Sequence (PRESS): In the field of BWR stability, PRBS is a particular form 
of a perturbing signal adopted for checking stability in both reactor test conditions and calculations. It 
consists of alternate high and low values of a given parameter (e.g., a pressure setpoint) which are 
generally superimposed in a randomlike fashion to the nominal value with, eventually, some 
restriction on the mean value. When a PRBS is applied as an external forcing, the related system 
response can be used to characterize stability. 

Single channel: This identifies a single fuel element of a BWR plant. Single unstable 
channel refers to a situation when only one of several parallel channels is oscillating in a stable 
system. 

Stability boundary: A stability boundary is represented by a relationship between the parameters 
describing a system status which defines the conditions in which the system shows marginal (or 
neutral) stability, i.e. in which perturbations are neither amplified nor damped. In a two-dimensional 
parameter space, this relationship can be represented as a curve separating areas of stable and 
unstable behaviour. Hypersurfaces separating stable and unstable multidimensional domains are 
obtained in the case of systems described by several parameters. 

Stability margin: A stability margin is a properly defined measure of the distance of a system status 
from the stability boundary (see). For instance, control theory suggests the use of "gain" and "phase" 
margins as a measure of the stability of a linear system. 

Stability monitor: See Core stability monitor. 

Static instability: These terms identify a class of instabilities that can be theoretically explained 
without the use of time-dependent conservation equations. 

Thermal hydraulic feedback: This includes all the thermalhydraulic reaction mechanisms in a BWR 
plant that may intervene once an oscillatory condition arises in the core. Typical feedback from the 
system may come from the core bypass, the upper plenum-separators-downcomer-lower plenum loop, 
the recirculation loop, the BoP. 

Thermalhvdraulic instabilities: These are identified by periodic time oscillations of various quantities 
in a boiling system (either single channel either parallel channels). Excursion of heated wall surface 
temperature may result from thermalhydraulic instabilities. This includes the entire class of 
instabilities discussed under sect. 2.3.2. 

Thermal oscillations (THOs): Are oscillations heavily involving the heater dynamics in a boiling 
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channel. Cyclic dry-out and rewet phenomena may be involved at a frequency lower than DWO (see 
also sect. 3.2). 

Void coefficient: See neutronic feedback 

Void speed: This identifies the speed of propagation of void perturbations in a boiling channel. 

White noise: Noise signal including the ranges of frequencies of interest: this is considered as the 
perfect random noise in the theory. 

2.3.2 Classification of instabilities 

There are several types of thermalhydraulic instability which may occur aiso simultaneously 
in a boiling water reactor; each of these types can be classified according to the appropriate physical 
mechanisms or mode of oscillations. Detailed classifications can be drawn from the literature, e.g. 
refs. [2.2], [2.4], [2.40] and [2.41]. 

Lahey and Moody, ref. [2.2], classify thermaihydrauHc instabilities into the two broad 
categories, of static and dynamic. The static instabilities can be explained in terms of steady state 
laws, while explanation of the dynamic instabilities requires the use of the time dependent 
conservation equations and, if the case, the servo system analysis. In the case of the use of the static 
laws, only the onset of instability can be characterized, not the system behaviour. Examples of static 
instabilities are 'flow excursion or Ledinegg' and 'flow regime relaxation'. Examples of dynamic 
instabilities are 'density wave', 'pressure drop oscillations', 'flow regime induced instability' and 
'acoustic instabilities'. 

hi actual BWR operation, thermalhydraulic instability may be coupled with neutronic 
feedback. Since the origin of the oscillation may be either the neutronics or the. thermalhydraulics, two 
main classes of feedback can be identified: 
1 ) the neutron feedback; 
2) the thermalhydraulic feedback. 

Although no mechanism exists preventing the combination of the various 
identifiable instability modes, the thermalhydraulic density wave instability coupled with the 
neutronics feedback, is commonly referred as the dominant mechanism triggering and sustaining 
instability in commercial BWRs. Two arguments support this conclusion: 
a) inherently, the density wave instability mechanism couples the destabilizing effects of the 

thernialhydraulic feedback and the neutron feedback; 
b) density wave related theoretical models and considerations allow a satisfactory 

explanation of the largest majority of phenomena detected at the onset and following reactor 
instabilities. 

The last argument might not be fully valid when complex system codes are applied for the 
simulation of unstable reactor situations. In such cases different mechanisms modelled in the code 
may have a role in the prediction of instability scenarios (see Chapt. 4). 

Owing to the above, the remaining part of this chapter is devoted to the classification and 
characterization of the density wave instabilities. 

2.3.2.1 Classification of density wave instabilities 

In a generic thermalhydraulic system, density wave is a dynamic instability also referred as 
channel (or parallel channel) instability. The physical feedback mechanism is based on 
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thermalhydraulic characteristics. The two main modes of oscillation are single channel and parallel 
channel. For parallel channel mode, when two channels are involved, the flow in one channel 
increases, while the flow in the other channel decreases: this mode is the out of phase instability. 
During out of phase oscillations, the channel void fraction follows trends opposite to the response of 
the flow, so that the pressure drops tends to remain the same across both channels. 

The two modes of oscillation that are commonly recognized for density wave instabilities in a 
B WR plant, are core wide oscillation and regional mode; these are also referred as in phase and out of 
phase mode, respectively. In the core wide oscillation the power and inlet flow of the largest majority 
of core channels oscillate in phase since they behave as a single channel. In the regional oscillation, 
the power of a region of the core oscillates out of phase with respect to the power of other regions. 
The inlet flows to the different regions are also out of phase with respect to each other. If only two 
halves of the core are involved, these behave as two parallel channels. To the above widely 
recognized oscillation modes, the single channel oscillation mode (or the oscillation of a limited 
number of neighbouring channels) can be added; it has been characterized from reactor events (e.g., 
ref. [2.58], see also sect. 6.1.3). 

A more comprehensive classification of instabilities is proposed in the Executive Summary. 
A summary of the classification of the types of density wave instabilities based on their 

physical mechanism and modes of oscillations is as follows. 

PHYSICAL MECHANISM: - Pure Thermalhydraulic 

OSCILLATION MODES: - Single Channel Instability 
- Parallel Channels Instability 

PHYSICAL MECHANISM: - Coupled Neutronic and Thermalhydraulic 

OSCILLATION MODES: - Single Channel Oscillation 
- Core Wide Oscillations (in-phase) 
- Regional Oscillations (out-of-phase) 

2.3.2,2 Extended phenomenology evaluation for density waves 

From a paraphrased sentence of J. March Leuba in his contribution to the SOAR (see also ref. 
[2.47], below), "Phenomenology of BWR stability are simply too complex to allow for simple 
interpretations and, with a few honourable exceptions, e.g. ref. [2.6], they require sophisticate 
computer codes to simulate the dynamic behaviour of the reactor.". However, before definitely 
focusing the attention to the complex BWR systems, and in order to give an idea of complementary 
explanations for density wave instabilities, simple fundamental concepts from the works done by K. 
Svanholm, ref. [2.6] and Rizwan-uddin, ref. [2.45], are outlined below. The areas of "zero" 
subcooling and of "large" subcooling, are mostly addressed in these two explanations, respectively. 

The explanation "initiated" by Stenning and Veziroglu, ref. [2.46], in 1964, is utilized by K. 
Svanholm. A very simple system, consisting of a horizontal evaporator and a downstream adiabatic 
pipe, with inlet and outlet orifices, is considered. The total pressure drop is imposed constant in 
locations upstream and downstream the inlet and outlet orifices, respectively. A disturbance in the 
system may occur in the tenu of a slug of liquid reaching the outlet orifice. The pressure drop over the 
outlet restriction increases proportionally to the density. Keeping in mind that the vapour generation 
rate is constant and the pressure downstream the outlet orifice also is constant, the pressure in the 
evaporator will increase. Since also the pressure upstream of the inlet is constant the pressure drop 
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over the inlet orifice will diminish and consequently the inlet velocity will be reduced. Now, a two 
phase mixture of a density smaller than the steady state value will be produced in the evaporator. This 
perturbation in the density will be transported through the system with the velocity of the two phase 
mixture. This means that after some period;, a mixture of density lower than the steady state value will 
appear at the outlet orifice. As a consequence the pressure drop across the inlet orifice increases and 
the two phase mixture produced in the evaporator is of a density above the steady state value. When 
this high density material reaches the outlet restriction the whole cycle starts over again. The essential 
aspects of this interpretation appear to be: 
- simply, (a perturbation in) the pressure drop at the system outlet may give rise to a travelling 

density wave; 
- evaporator and downstream pipe may have generic lengths and inclinations; 
- feedback with power production, e.g. heat exchange in the evaporator, is not necessary to explain 

instabilities. 
The only feature necessary to explain the oscillations in their most elementary form is that two 

components with different densities are present, and may be mixed in different proportions, and that 
two-phase pressure losses increase with the density. The production of gas phase may be constant. 
Aspects as subcooling, heater dynamics and void reactivity certainly influence the oscillations, and 
when all these are present, one ends up in extremely complicated systems. 

Rizwan-uddin, on the basis of numerical experiments, achieves the conclusion that periodic 
density variation might be not the fundamental mechanism of what is called density wave instability 
in a classic boiling channel. This is valid at least in the limited range of parameters that he considers, 
ref. [2.45], He found that variations in mixture velocity affect the pressure drop characteristics 
(detected effect) of the channel during the oscillation, more than the variations in mixture density. In 
certain regions of the parameter space, during the oscillation, pressure drop at the exit does not 
decrease when a wave of lower density reaches the channel exit; it actually increases due to the 
simultaneous increase in mixture velocity at the exit, which increases faster than the decrease in 
mixture density. He also found that oscillation period for the considered range of parameter values is 
between three and four times the average channel transit times. The essential conclusion from this 
analysis appears to be: 
- parameter ranges (geometrical and thermalhydraulic) are important in the phenomenology; 
- the travelling of density wave is not necessary to explain the oscillations phenomenology: i.e. 

'density wave' oscillations may occur without mixture density oscillations; 
- fluid velocity oscillations may be more decisive than density oscillations in producing periodic 

pressure drops. 

2.3.3 Physical mechanism of density wave oscillation with neutronic feedback 

Complementary information in some cases related to different values of the parameter ranges, 
may come from the analysis of the fundamental density wave mechanism, as shown in the last 
section. In this section the evidence resulting from BWR plants measurements is considered. 

Coupled neutronic thermalhydraulic instabilities, such as core wide and regional oscillations, 
are considered to have their root in the density wave mechanism and in the significant delay in 
neutronic feedback it causes. The density wave mechanism and the neutronic feedback which relates 
to the mode of oscillation are discussed below, refs. [2.1], [2,2], [2.47], 

In the assumption of imposed pressure drop across the boiling channel (see also next section), 
the density wave causes a delay of a change in the local pressure drop along a fuel channel that may 
be caused by a change in inlet flow. Because of this delay, the sum of all local pressure drops may 
result in a change of the total pressure drop which has delay from the change in the inlet flow. The 
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coolant in commercial BWRs flows upward through the core, and variations in density in the bottom 
part of the channel travel upward with the flow. For example, if the inlet flow is decreased while the 
channel power is kept constant, there is an increase in the voiding in the channel that will travel 
upward as a packet, forming a propagating density wave. This packet of voids produces a change in 
the local pressure drop at each axial location, which is delayed axially by the density wave 
propagation time, In two phase flow regimes, the local pressure drop is very sensitive to the local 
void fraction and is very large at the outlet of the channel, where the void fraction is greatest: thus, the 
change in the pressure drop over a significant length is delayed with respect to the original 
perturbation. Such a delay is the basis for the instability. 

If the inlet flow is perturbed sinusoidally, the local pressure drop changes are also sinusoidal 
(within the linear range of the flow to pressure drop relationship), but they are delayed in the two 
phase region with respect to the perturbation. The total two phase pressure drop across the channel 
can be envisaged as the sum of a series of delayed sinusoids (the local pressure drops) and, thus, also 
has a sinusoidal time relation that is delayed with respect to the flow perturbation. When the total 
pressure drop is imposed to be constant as the boundary condition, the change of the two phase 
pressure drop has an effect of the feedback perturbation to the single phase region. If the two phase 
pressure drop perturbation delays 180 degree to the inlet flow change and the magnitude becomes 
larger, the channel flow becomes less stable. The critical point at which the channel flow instability 
starts is when the change of the two phase pressure drop equals the change of the single phase 
pressure drop with the opposite sign at a particular frequency. In this case, the channel has an 
effective flow resistance of zero at that frequency, so that any perturbation sustains itself. 

For the pure thermalhydraulic density wave instability, only flow is involved, and the power 
generation term in the fuel is assumed constant. In BWRs, the power generation is affected by the 
reactivity feedback and, therefore, depends upon the core void fraction. Thus, when a void fraction 
oscillation is established in a BWR, the power oscillates according to the neutronic feedback. 

The neutronic feedback involves: 
1. the neutron dynamics, which affecte and is affected by the power generation in the fuel; 
2. the fuel dynamics, which affects and is affected by the heat flux from the fuel to the coolant; 
3. the channel thermalhydraulics, which characterizes the void fraction response to changes in heat 

flux and includes the thermalhydraulic feedback from the remaining parts of the system through 
flowrates, fluid temperatures, pressure and void fractions; 

4. the reactivity feedback dynamics, which relate the void fraction distribution to a reactivity value 
that affects and is affected by the neutron dynamics. 

A flow diagram showing the above depicted feedback system is shown in the Fig. 2-12, taken 
fromref. [2.1]. 

2.3.4 Parameters affecting density wave oscillations with neutronics feedback 

In this section the characteristics of density wave oscillations with neutronics feedback, are 
investigated in order to observe which parameter governs the onset and the time progression of the 
instability. As a starting point for achieving the mentioned objective, two general possibilities that 
can be used for changing the stability margin in a BWR, must be considered. These are: 
(a) destabilizing the density wave mechanism: i.e., the characteristics of thermalhydraulic density 

waves, mostly frequency, may be varied in such a way to bring to increasing or to decreasing 
oscillation amplitudes in different quantities (increasing amplitudes versus time, means 
destabilizing); 

(b) increase the neutron feedback gain: e.g. inserting control rods leads to change in power profile 
that also affects the neutronics feedback. 
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Fig. 2-12 - Example of possible idealization of thermal-hydraulics and ncutronics feedback 
following density waves in BWR plants, Ref. [2,1], 

Most parameters affect reactor stability in the direction either in stabilizing or in destabilizing 
at BWR operating conditions. The sensitivity of both in phase and out of phase modes to all 
parameters are similar, because the basic mechanisms involved are similar. The information here 
considered comes from the analysis of data and situations discussed in sects. 2.2.1.1 to 2.2.1.3. The 
concerned parameters have been subdivided into four groups, the fourth one specifically making 
reference to out of phase oscillations. 

Parameters relating to the group (a) - primarily, therrnalhvdraulics feedback 

* Thermal hydraulic boundary conditions: Three main types of boundary conditions can be 
distinguished: constant pressure drop, variable pressure drop, and constant channel inlet flow. The 
last one is the most stable, the first one is the most unstable especially if single channel oscillations 
are considered. The second one is typical of core wide oscillations, mostly with recirculation pumps 
tripped or a low speed. 

* Coolant flow: Lower flowrates result in longer delay times for the density waves. Thus the 
operating conditions with the lower flow should be less stable. 

* Pressure drops in the two phase flow region: The pressure drop of two phase flow has a delay 
from inlet perturbation and higher pressure drops means higher feedback gain. Thus, high two phase 
pressure drop has a destabilizing effect. 

* Pressure drops in the single phase region: Lower friction loss of single phase flow has a 
destabilizing effect, thus loose inlet orifices or lower tie plate, will tend to induce density wave 
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oscillations. 

* Channel length: Channel length divided by coolant velocity gives a measure of the density wave 
propagation delay. Longer channels destabilizes the flow significantly. 

* Pressure: It is known that low pressure destabilizes the channel. Low pressure gives larger void 
volume, which increases the delay time and two phase pressure drop relative to single phase pressure 
drop. 

* Separator friction: Increase in separator friction has a destabilizing effect. 

* Chimney length: Chimney is characterized by having a flow area much bigger than the core flow 
area. Increase in chimney length again increases delays in the feedback through the downcomer; so, 
this is destabilizing. A further feedback might originate from void collapse or vaporization following 
pressure increase and decrease, respectively; this might be more important for long chimneys. 

* Carry-under: the carry-under of steam from the steam separators through the downcomer, may 
have an effect on the stability, through affecting variations of the subcooling at core inlet, during 
natural circulation [ref. 2.51]: this was observed in the natural circulation reactor of Dodewaard. In 
particular, although pressure, power and water level are kept constant during the cycle, the subcooling 
changes significantly. These changes are caused by the influence of the changing power distribution 
on the carry-under, followed by a feedback between carry-under and recirculation flow [ref, 2.51]. It 
should be noted that burnup affects the power distribution and consequently it affects the carry-under 
(see also inlet subcooling). 

Parameters relating to the group (b) - primarily, neutronics feedback 

* Void reactivity coefficient: A more negative void reactivity coefficient increases neutronics 
feedback directly and destabilizes the core. This coefficient mainly depends upon fuel design 
parameters such as H/U (ratio between moderator and fuel atom densities), U-235 enrichment, and 
fuel burnup. Thus, lower H/U and higher enrichment decrease the stability. 

* Fuel gap conductance and heat capacity: Before the power can feed back through the moderator 
density, it has to change the fuel temperature, to alter the heat flux from fuel to coolant The fuel in 
commercial BWRs responds relatively slowly which has a significant stabilizing effect due to the 
inherent filtering of the oscillation amplitudes at frequencies higher than 0.1 Hz. Thus, increased 
pellet-clad gap conductance has a destabilizing effect in general, as do smaller diameter fuels due to 
the reduction of the response time. 

* Doppler coefficient: Doppler coefficient induces negative reactivity feedback with short delay 
time. Thus, it is expected to stabilize the core. However the magnitude may be very small compared 
to void reactivity, and can be ignored in many cases. Obviously, this is not the case of very large 
oscillation amplitudes, when the turn around is due to Doppler effect 

Parameters relating to both the groups (a) and (b): parameters simultaneously affecting neutronic and 
thermalhvdraulic feedback 

* Average core power: The higher core power increases average void fraction and has a higher 
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neutronics feedback gain, because of the increased void reactivity coefficient. The two phase pressure 
drop increases and stability margins decrease. 

* Axial power shape: The axial power shape has a strong influence on reactor stability. Bottom 
peaked power shapes are less stable because they tend to shift down the boiling boundary; this brings 
to an increase of the axially averaged void fraction and also produces a larger delay in the local (e.g. 
at spacer grid locations) pressure drops adjustments. However, under some conditions of extremely 
bottom peaked power shapes, shifting power to the core bottom, has been shown having a stabilizing 
effect due to reducing the neutronics feedback in the upper, high void fraction content region of the 
core. Highly bottom peaked axial power shape also decreases the coolant transit time through the 
channel due to higher average void fraction. This increases the resonance frequency, decreasing 
equivalently power to heat flux transfer function to stabilize the core. 

* Radial power shape: Because of the non linearity effect, the most unstable channel (possible the 
one with the highest power) tends to dominate the overall response, rather than being averaged with 
the low power channel. Thus high radial power shape decreases stability. 

* Inlet subcooling: when boiling boundary rises, the average void fraction in the channel decreases, 
which decreases the average velocity, increasing density wave time delay. This is a destabilizing 
effect but on the other hand the stabilization effect comes from change in two-phase versus single-
phase pressure drop. Thus total effect depends on the balance of both effects. 

* Fuel design: Most of the aforementioned parameters are clearly different in different fuel 
designs. As a consequence, fuel designs may have significant impact on stability. 

* Balance of Plant (BoP): As already mentioned, during plant operation several feedback loops 
may exist due to the automatic behaviour of the systems belonging to the BoP. Feedback loops are 
closed between control variables like nuclear power, system pressure, liquid level, and actuators like 
control rods» pump speed, valves in the steam and feedwater lines (e.g. Fig. 2-2). 

* Xe concentration: some effect on stability and in particular on the DR value is proposed 
in ref. [2.52]. The redistribution of the Xe concentration following a large scale power change, 
apparently may cause decrease in the DR. 

Parameters specifically affecting the out of phase oscillations 

To favour the out of phase instability mode, either the subcritical reactivity value of the higher 
mode neutron flux distribution must be reduced, or the likelihood of out of phase density wave 
oscillation must increase, ref. [2.47]. The following parameters accomplish these effects. 

* Low geometric buckling: The higher mode subcritical reactivity is directly proportional to the 
difference between the geometric buddings of the fundamental and subcritical modes. Therefore, 
larger cores should be more susceptible to out of phase instabilities than smaller cores. It must be 
considered that by increasing the core size it is possible in principle to have radial cosine power shape 
that reduces the probability of out of phase oscillations. 

* High friction in recirculation loop flow path: Increasing the friction of the recirculation loop 
flow path decreases the flow feedback for the core wide mode and, therefore, favours the out of phase 
instability mode, once instability should occur. 
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* Low thcrmalhydraulic stability margin: When the neutronics feedback effect is small and the 
instability of the density wave mechanism is dominant, an out of phase oscillation becomes more 
likely, since it cannot be stabilized by single phase pressure drop out of the core. Intuitively, the 
neutronics introduces a link among different zones of the core. When this link is lacking, the different 
zones of the core tend to behave independently. 

* Flow asymmetries in the lower plenum: Flow asymmetries, e.g. 3-D flow behaviour in the 
lower plenum including vortex formation, may give rise to more or less uniform flowrates at core 
inlet. 

In order to get a more in depth picture of the complexity of involved phenomena, the results of 
the analysis of LPRM signals from the Ringhals reactor, as done in ref. [2.48] are shown. Figs. 2-13 
(a), (b) and (c) are related to selected results from the modal analysis of neutron flux signals. 
Harmonic modes, determined from neutronic analysis, are used to decompose LPRM signal in terms 
of them. Different tonalities of grey, give indication of the local oscillation amplitude (qualitative 
scale on the left side of each picture). 

With reference to the "point" C9" of the cycle 14 in the Ringhals NPP, the radial power 
distribution can be imagined as the sum of three contributions coming from the same number of 
assumed harmonics. The observation of the figures shows that the unstable situation comes from a 
fundamental harmonic involving the whole core (Fig. 2-13 (a)) and two "higher" harmonics involving 
North-South and East-West regional oscillations (Figs. 2.13 (b) and (c), respectively). Modes 3D-1, 
3D-2 and 3D-3 in Fig. 2-13 are definitions for the harmonic components (see also below). 

From observing Fig. 2-13 (a), the role of single channel upon the overall system stability 
behaviour can be inferred. 

Similar complex representations of unstable core conditions can be found in ref. [2.49], where 
the results of a system code calculation have been used. These representations-also demonstrate that a 
phenomenon like the BWR core neutron flux oscillation can be considered as the result of a 
combination of several basic components: each of these has own characteristics and specific relevant 
parameters. 

It must be clear from the above discussion that stability characteristics are not uniquely 
dependent on the actual operating point in the power/flow map; they also depend on reactivity 
coefficients, axial power distribution, etc., including the fuel design. This issue (which is not always 
appreciated by plant personnel) has to be taken into account when defining the exclusion zones (see 
also Chapts, 5 and 7). 

2.3.S Other instabilities in reactor technology 

Oscillatory conditions are predicted or measured in a wide variety of situations in the nuclear 
technology involving or not neutron flux and including single and two-phase flows and different 
geometric situations. 

An exhaustive review of all of these is well beyond the purposes of this section. The aim here 
is to give an idea of other areas, in the LWR technology and safety, where oscillatory situations are of 
interest 
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Fig. 2-13 - Relative radiai power maps obtained by harmonic analysis of the Ringhals NPP. 
Figures 2-13 a), b) and c) are related to the modes 3D-1, 3D-2 and 3D-3 drawn 
from the noise analysis for the point C-9 of cycle 14 (Ref. [2.48], see also Chapt. 
6, Ref. [6-52] and App. B). 
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2.3.5.1 Instabilities in normal operation ofPWRs 

It seems worthwhile to mention that the overview of the literature revealed oscillations in 
neutron flux, with amplitudes as large as 12%, during the nominal operation of PWRs. A possible 
root cause for this was identified in the small fluctuations of core inlet temperature (around 0.1 K) 
coming from the variations in the heat transfer with steam generators, the secondary side of which can 
be considered as a boiling system in natural circulation [ref, 2.53]. Subcooled void formation in PWR 
typical conditions is also considered in ref. [2.54]. 

Mismatches between power generated in the two halves of core are also possible in the PWRs 
during power increase or power reduction transients. These are discussed in ref. [2.55]. Jn an 
operating PWR, the magnitudes of the observed quadrant power distribution asymmetries imposed a 
limit to the amount of power decrease that can be performed during load follow manoeuvres. The 
limit is necessary to maintain the measured Quadrant Power Tilt Ratio (QPTR) within the regulatory 
limit of 1.02 when the reactor is operating above 50% power. No mechanistic explanation was found 
in ref. [2.55]. 

It can be observed that these phenomena are not as widely known and investigated as in the 
case of BWRs. 

2.3.5.2 Geysering 

Geysering is an instability type (see also sect. 3.1,2) mostly occurring in equipment that 
include long vertical pipes bottom heated. A definition can be found in ref. [2.59], that is reported 
hereafter. 

"Whenever a bubble does generate in a heated line that is followed by an open chamber, 
the bubble grows rapidly and more bubbles are generated and both aspects are caused by 
a decrease in hydrostatic pressure. Ultimately, most of the liquid which lies above the 
bubble is blown out. This blowing out is a geyser." 

This phenomenon is specifically important at low pressure; in the nuclear technology, it may 
occur during the start-up of natural circulation boiling system. 

Fundamental work in the literature can be found in refs. [2.59] to [2.61] (see also sect. 3.1.2 
and ref. [3.60]); example of work focused on SBWR and Dodewaard natural circulation BWR can be 
found in ref. [3.76] and [2.63] (the general problem of stability in SBWR is addressed in ref [2.62]). 

2.3.5.3 Miscellaneous unstable situations 

Fluiddynamic instabilities are quite common in LWR technology. Some examples are 
referenced below: vertical and horizontal channels, system effects, transient situations, thermal non-
equilibrium phenomena, single and two-phase flows, PWR and BWR configurations are part of this. 
• stability of two-phase natural circulation, refs. [2.64] and [2.65]; 
• siphon condensation in PWR systems, ref. [2.66]; 
• instability in horizontal systems, ref. [2.67]; 
• boiling instabilities in narrow channels, ref, [2.68]; 
• instabilities in RBMK channels, ref. [2.69]; 
• instabilities in single phase natural circulation, ref. [2.70] related to a simple system (in this case 

a wide literature exists, e.g. ref. [4.70]), and [2.71] related to a complex system; 
• instabilities characterized by very long oscillation periods, with dry-out and rewet cycles in PWR 

conditions, ref. [2.72]. 
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3. EXPERIMENTAL ACTIVITIES 

As a follow up of the BWR design and regulatory requirements (see Chapts. 1 and 7) and, 
more recently, of the occurred events in plant operation (Chapts. 2 and 6), the need was felt to 
investigate experimentally the area of thermalhydraulics and of coupled neutronic thermalhydraulic 
instabilities. In addition, the development and the use of more or less sophisticate models and codes 
(Chapt. 4) also made it necessary to gather experimental data suitable for the code and model 
qualification. 

The activity documented here is mostly performed in experimental facilities and essentially 
deals with the thermalhydraulic issue. Some of the considered experimental situations might not 
have a direct application to reactor scenarios; they are anyway discussed for the sake of 
completeness. 

It must be noted that different BWR vendors (e.g. ABB, General Electric, Siemens-KWU, 
etc.) carried out their own experimental programs utilizing specifically designed loops both to 
investigate the thermalhydraulic behaviour of their systems (i.e. to identify parametric dependencies 
of stability related quantities upon system boundary conditions values) and to qualify and optimize 
fuel against instabilities. Most of the gained data base in this area is proprietary, only limited 
information of applicable experiments is provided in this report. 

A wide variety of loops with very different layout, test sections and thermalhydraulic 
conditions, have been built and operated in the years since 1960. Excellent reviews and description 
are included in refs. [3.1] and [3.2]; a few relevant parts of these are summarized hereafter. By 
keeping the top-down approach inside the chapter, it can be reported that a recent study by OECD-
CSNI concluded that the available data base for stability is poor, refs. [3.3] and [3.4]. This must be 
seen in the light of the data availability and the suitability of the data base for system code 
assessment purposes. 

The chapter is subdivided into four main parts: 

a) Background and classification of instability: the classification, as resulting from BWR plant 
observation (top-down approach) has already been provided under Chapt. 2. However, as was 
also mentioned there, more details can be obtained from the operation of simple loops. In 
addition, relevant conclusions have been obtained to explain the basic stability mechanisms. 
These are reported here (sect. 3.1). 

b) Results from the fundamental research on two phase flow stability. Although most of the 
findings of such activities might not be directly applicable to BWR plant conditions, or used 
for system code assessment (specifically due to uncertainties in some boundary conditions), it 
seemed worthwhile to summarize some relevant findings. These show parametric 
dependencies and demonstrate the complexity of the involved phenomena (sect. 3.2); 
fundamental research also gave ideas for interpreting phenomena and triggered planning of 
more complex experiments. 

c) Results from out-of-pile facilities. Two groups of facilities originate the results here 
discussed: Integral Test Facilities (ITF) and Separate Effect Test Facilities (SETF) including 
those aiming at a full scale testing of fuel assemblies (sect. 3.3.1). It can be underlined that 
only limited information is available from ITF (sect. 3.3.2), unfortunately. 

d) Results from in-pile tests. Limited data have been gathered from the Halden reactor (sect. 3.4). 

Some final remarks are given under sect. 3.5 including recent results. 
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3.1 Background and Classification of Instabilities 

3.1.1 Background 

Experience has shown that, while single-phase flows are normally stable, two-phase flows 
(involving liquid and gas) may under certain conditions be prone to oscillatory behaviour. Nature 
provides an interesting example: a geyser represents a highly unstable flow of water and steam. 

Towards the end of the 1930s, attention was drawn in the literature to a phenomenon that 
had been observed in two-phase flows through certain components of industrial plants, notably 
boilers. It is nowadays called a "Ledinegg" instability, and refers to a mechanism which may induce 
recursive flow changes between an upper and a lower limit, of a periodic nature fref. 3.5], The 
mechanism triggering this instability is commonly referred as static Ledinegg instability. 

However, the particular thermal-hydraulic stability phenomenon which is of prime concern 
with respect to BWR operation is of a different type, insofar that it can cause periodic oscillations 
in flows through boiling channels which may escalate to very large amplitudes, under adverse 
conditions. Since the 1950's, considerable theoretical efforts and experimental studies have been 
devoted to its exploration. Initially, the phenomenon was considered rather complex. After a 
number of years, however, a fairly simple explanation was presented, in ref. [3.6], In that paper, 
which addressed a heated system with a non-oscillating steam production, the authors suggested a 
name for the oscillatory mechanism: ''Density Wave Stability". Since then, several reviews 
addressing the physical mechanism of self-sustained density-wave oscillations in heated channels 
with two-phase boiling flow have been presented, for example refs. from [3.7] to [3.11], (see also 
sect. 2.3). In addition, the stability topic was of direct concern for other international activities, e.g. 
ref. [3.78], A number of papers were devoted to the review of stability related experimental 
researches (refs. [3.79] to [3.81]). 

In order to illustrate that the density wave stability phenomenon is not merely confined to 
boiling channels, the arguments that were advanced in ref. [3.6] were generalized in refs. [3.11] and 
[3.12] to a slightly modified system of a hypothetical nature, considering a two-phase flow 
consisting of a liquid/gas mixture. Making use of a number of simplifying assumptions, the 
treatment explains why density waves appear at all in two-phase flows, and also under what 
circumstances they may cause flow instability. The arguments will be outlined below. 

3. LI. J Density wave instability 

Derivation from Svanholm and Friedlv. ref, f3.121. 

Consider a large tank which is full of liquid (for example water), providing a constant 
pressure head. Via a pipe connected to its lower region, water is sprayed - through an "'inlet orifice" 
(which accounts for a certain flow resistance) - into a horizontal channel of a certain length. There, 
the water is mixed with a gas stream (for example air), which also enters the same channel - via 
nozzles adjacent to the water inlet. This in-flow of air is always kept constant. Upon entry, the air 
and the water are assumed to mix intimately, creating a two-phase fluid which will then flow along 
the channel. For the sake of simplicity, the density of the air is assumed to be negligible, in relation 
to that of the water. Thereby, the density of the two-phase fluid becomes proportional to its water 
content, while the air flow determines the velocity of this fluid through the channel. This passage is 
assumed to be frictionless, again for the sake of simplicity. At its far end, the fluid exits via a "two-
phase orifice", where flow resistance is encountered, (see also sect. 2.3.2.2). 
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Since the pipe is oriented horizontally, effects related to the buoyancy of the mixture can be 
disregarded. Hence, the constant pressure head provided by the water in the tank is always 
counterbalanced by the combined pressure losses over the two orifices: the "single-phase inlet 
orifice" and the "two-phase exit orifice'1. One may observe that this pressure balance does not 
merely apply at steady state, but also in transient situations (neglecting inertial effects). 

From a purely static point of view, one could imagine a variety of flow arrangements -
depending on how the pressure losses are distributed between the two orifices. For example: 

i) if the single-phase pressure drop over the inlet orifice were to be relatively large, the 
corresponding two-phase pressure drop over the exit orifice would be rather modest, 

ii) or vice versa. 

However, taking two-phase flow dynamics into consideration, it can be demonstrated that 
while the former arrangement provides stable flow conditions, the latter one does not. This may be 
argued as follows: 

Suppose that the flow conditions were to be perturbed temporarily - for example, by opening 
up the channel inlet orifice for a brief moment (letting more water into the channel), and then 
resetting it again. In this manner, a "positive density pulse" is created in the two-phase mixture. 
This pulse will then travel along the channel (carried by the flow), and will eventually pass through 
the exit orifice. During that passage, the two-phase pressure drop over that orifice will increase 
temporarily (in proportion to the increased density of the mixture in the pulse). This increase causes 
a corresponding reduction of the pressure drop over the inlet orifice, since the sum of the pressure 
drops over these two orifices always remains constant (the pressure head provided by the water 
tank, as explained above). Jn consequence, Jess water will be sprayed into the channel for a brief 
moment, creating a "negative density pulse" in the two-phase mixture. 

This new density pulse will now travel along the channel. While it finally passes through the 
exit orifice, the corresponding two-phase pressure drop will be reduced accordingly (in proportion 
to the lower density of the mixture), bringing about a corresponding increase in the pressure drop 
over the inlet orifice (for the same pressure balance reasons that were explained above). More 
water will then be sprayed into the channel for a short time, creating a new "positive density pulse" 
in the two-phase mixture. The dynamic process is now back to where it started, at least from a 
phenomenological point of view (except that the pulse height may have altered). The subsequent 
history will evolve in the manner described above. 

Clearly, this repeated passage of "positive" and "negative" density pulses - regenerated 
through feed-back via the pressure balance - forms a dynamic pattern of periodic flow fluctuations, 
which will repeat themselves with a time period that is equal to twice the transit time of the two-
phase mixture through the channel. Whether this dynamic process will converge or diverge depends 
on the ratio between the pressure drops over the inlet and the exit orifices, all according to ref. 
[3.12], which also demonstrates - via simple arithmetics - that for the arrangement considered 

i) the stability boundary (constant amplitudes of the successive density pulses) is found when 
the pressure drop over the "inlet orifice" is exactly half of that over the "exit orifice" (this 
follows from the facts that while the former pressure drop is a quadratic function of the water 
flow that enters the channel, the latter pressure drop is a linear function of the density of the 
two-phase mixture that flows out of it); 
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ii) the fluctuations will diverge, if the inlet pressure drop is smaller than half of the exit pressure 
<lrop; 

iii) but converge, if the inlet pressure drop is larger than half of the exit pressure drop. 

While the treatment presented above referred to short-lived "density pulses", the arguments 
are just as applicable to "density waves" of sinusoidal nature (of the appropriate time period). 
Moreover, the two-phase pressure losses in a boiling channel are not confined to its exit (as it was 
assumed in the simplified model considered above), but are distributed along the part of the channel 
where evaporation takes place. However, as the steam content of the coolant increases while it 
absorbs heat during its passage through the channel, the flow velocity also increases; therefore, the 
largest two-phase pressure drops due to friction will appear towards the channel exit. 

Hence, one can draw some general conclusions about the nature of the "density wave 
phenomenon", as regards the stability of two-phase flow through boiling channels: 

i) such flows are prone to exhibit fluctuations of a periodic nature, of a frequency which is 
basically the inverse of twice the transit time of density waves through the channel (in real 
situations, the latter time is related to - but not necessarily identical to - the transport time of 
the coolant through the channel); 

ii) in order to achieve sufficient damping of these fluctuations (adequate flow stability margins), 
a channel inlet orifice of adequate strength has to be provided. 

Derivation from Kakac and Liu, ref. [3.111 

Still with reference to density waves, enthalpy perturbations travel at the flow velocity of the 
mixture, which result in density or void-fraction perturbations which travel with the kinematic-wave 
velocity of the mixture. Therefore, fluid waves of alternatively higher and lower density mixture 
travel across the system. The compressibility of the vapour is not an important factor in generating 
density-wave oscillations. The originated mechanism of the density-wave oscillations can be most 
clearly understood by considering an evaporator and a duct (Fig. 3-1) followed by an exit restriction 
at the end. The pressures at the inlet and exit reservoirs are kept constant so that the total pressure 
drop across the system is constant at all times. We assume that the rate of vapour generation on the 
evaporation (heater) is constant. Now, suppose that at time t=0, the exit restriction pressure drop 
undergoes a sudden infinitesimal drop from its steady-state value. Such a momentary disturbance 
may result in two-phase flows due to the effect of the microscopic instabilities, i.e., a low density 
two-phase mixture may pass through the exit restriction. The pressure drop through the exit 
restriction will decrease and this decrease in the exit pressure drop (p0 - pc) is propagated to the inlet 
almost instantaneously, at the speed of sound; therefore, p0 will decrease and (pi - p0) will increase 
since pe = constant. As a result, inlet velocity is increased infmitesimaliy. 

Therefore, the enthalpy wave with a higher density fluid originated at t=0 at the inlet, 
reaches the boiling boundary in the time period tj and a wave having higher-density mixture is set to 
travel along the heater. In the time period t=t2, the density wave reaches from the boiling boundary 
to the heater exit, hi the time period t=t3, the density wave reaches from the heater exit to the exit 
restriction. The sum of these three intervals, At = t| + t2 + t3, constitutes the transit time of a fluid 
particle through the system. When this higher density wave reaches the exit restriction after At time 
of its origination, the exit pressure drop will increase infmitcsimaUy (see Fig. 3-1) and as a result, 
(Pi - Po)* which is the driving force, will decrease. Thus, inlet velocity will be decreased 
infinites!mally and a lower density fluid is set to travel along the heater. But it takes another time 
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interval of At, for this adjustment to be felt at the exit restriction. When the new density wave (lower 
density) arrives at the exit restriction, the pressure drop is given a negative perturbation and 
practically at the same time the inlet velocity increases accordingly. It takes one high and one low 
wave to make one cycle, so it can be concluded that the periods of the density-wave oscillations are 
roughly equal to twice the transit time of a fluid particle through the system. It is assumed that the 
pressure drop is concentrated at the exit restriction. In reality, the pressure drop is distributed in the 
system; then, in the actual case, the period may not be equal to twice the transit time of a fluid 
particle in the system. 

ÂZJXJ: 

PP (Constant) 

P, (Constant) 

Flow Rate m 

Î̂ Vĵ ww» 

\ 

HEATER SUPPLY 
TANK 

Fig. 3-1 - Simplified system for density-wave type oscillations (DWO), Ref. [3.11]. The 
region for PWO is illustrated. 

3.1.1.2 Pressure drop oscillations 

It is found that the pressure-drop type oscillations occur only when the pressure drop across 
the test section decreases with increasing flow rate and their periods are governed by the volume 
and the compressibility of the vapour in the system, including the compressibility introduced at the 
upstream of the heater through a surge tank, which is partially filled with air, The direct 
applicability of this experiment to reactor situation is not discussed here. 

The mechanisms of the pressure-drop type oscillations can be understood from the steady-
state pressure drop relations (Fig. 3-2): 

( p i - P z ^ k j Q j 2 

(P2 - Pc)s = (p (Ql) 

(1) 

(2) 
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where pi and pe are constant pressures at the supply tank and at the exit, respectively; p2 is the surge 
tank pressure, Qt and Q2 are the surge tank inlet and exit flow rates, k] is a constant representing the 
frictional pressure drop between the supply tank and the surge tank, (p is a function relating the 
system pressure drop to the heater inlet flow rate Q2. For any steady-state operating point, the flow 
rate, Q = Q, = Q2 must satisfy both of these equations. 

With pi and p2 constant, two curves for p2 versus Q can be drawn; one curve represents p2 as 
a function of Q, from Eq. (1) (flow valve characteristics), the other represents p2 as a function of Q2 
from Eq. (2) (system steady-state characteristics). Any steady-state operating point is an intersection 
of these two curves (Fig. 3-2). If the two curves intersect in P, i.e. in a region where d (p2 -
pe)s/dQ2< 0, a small increase in p2 will cause Q2 to increase less than Qj. As Qj exceeds Q2> the 
liquid level in the tank will rise and p2 will increase further. The system is then dynamically 
unstable; the liquid accumulated in the surge tank increases the surge tank pressure, and the 
operating point will move along the boiling curve from point P to point B. There is no stable 
intersection of the two curves. The process cannot stop there because of the imbalance between the 
surge tank inlet and exit flow rates and a flow excursion occurs taking the operating point to C. At 
C, Q2 is greater than Qj. The increased flow rate through the heater now works in evacuating the 
surge tank. Due to the decompression of the air-vapour mixture in the surge tank, the pressure p2 
decreases and the operating point moves along the curve from C to D, another flow excursion takes 
the operating point to A and the process repeats itself along the limit cycle ABCDA, 

It should be noted that the curves labelled as Q, and Q2 in the Fig. 3-2 may represent the 
loop pressure drop and the pump characteristic (in this case the vertical axis is the pump head), 
respectively, in a system constituted by a vertical boiling channel fed by a recirculation pump. In 
such a case, again, P is assumed as the working point. The Ledinegg static instability mechanism 
causes "P" to move toward the AB or CD branches provided the slope of the pump characteristic is 
greater (in algebraic terms) than the BD slope. 

P. (Constant) 
1 \ 

• 1 — 

SUPPLY 
TANK 

Fig. 3-2- Schematic flow diagram and limit cycle of pressure-drop type oscillations 
(PDO), Ref. [3.11]. The region and the mechanism for PDO is illustrated. 
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3.1.2 Classification 

A reference work on this subject, is proposed in ref. [3.11] from which the present paragraph 
is extracted. 

The static instabilities are: 

1 ) Flow excursion (Ledinegg instability) 
2) Boiling crisis 
3) Relaxation instabilities including (among the others) flow pattern transition, geysering and 

chugging. 

The fact that flowrate is not a single-valued function of the steady pressure drop (see also 
Figs. 3-1 and 3-2) causes the Ledinegg instability, ref. [3.5]. 

Boiling crisis is distinguished by a sudden increase of wall temperature of the heated tube. 
Mathisen, ref. [3.13], and Dean, ref. [3.14], observed the boiling crisis with flow oscillations in 
boiling water and Freon-113 respectively. 

Cyclic flow pattern transitions have been observed in connection with oscillatory behaviour, 
rcf. [3.15]. 

Geysering has been observed in various closed and vertical columns of liquid which are 
heated at the base. In low pressure systems, when the heat flux increases, boiling starts at the base 
which results in a sudden increase in vapour generation due to the reduction in the hydrostatic head, 
and usually an expulsion of vapour from the channel. Griffith, ref. [3.16], observed geysering 
instability with the periods of 10-1000 seconds. Calculations of the geysering phenomenon can be 
found in ref. [3.60], while experimental data can be found in refs. [3.75] and [3.76]. No other 
discussion about this subject is provided in this report (see also sect. 2.3.5,2). 

Chugging is a cyclic phenomenon which is characterized by the periodic expulsion of 
coolant from a flow channel. The term chugging was first used by Fleck, ref. [3.17], but the type of 
phenomena has not been reported in the open literature since then. 

A flow is said to be subjected to a dynamic instability when there is sufficient interaction 
and delayed feedback between the inertia of flow and the compressibility of the two-phase mixture. 
In other words, it may results from the multiple feedbacks between the flow rate, pressure drop and 
the change in density as a result of the rate of vapour generation in a boiling channel. Dynamic 
instabilities can be characterized as: 

1. Density-wave type oscillations (DWO) 
2. Pressure-drop type oscillations (PDO) 
3. Acoustic oscillations 
4. Thermal oscillations (THO) 

Of the above, density wave and pressure drop oscillations have been described in sects, 
3.1.1.1 and 3.1.1.2. In addition, acoustic oscillations are characterized by very high frequencies 
(10*100 Hz) and arc not discussed furtherly here; thermal oscillations are characterized in sect. 3.2. 

3.1.3 Relevance of basic phenomena to BWR technology 

How does all of the above apply to the dynamic behaviour of the two-phase flows through 
the coolant channels of a BWR core? 
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Since such channels are vertical, rather than horizontal (as was assumed in the previously 
described models), buoyancy effects arc bound to exercise some influence on the flow stability (for 
PDO sec also the discussion at the end of sect 3.1.1.2). 

The need for a flow stabilizing orifice at the inlet of each core coolant channel increases the 
pressure drop over the core, and thereby also the power required for the forced recirculation of the 
coolant. This provides an incentive to avoid excessive inlet orificing, introducing a certain conflict 
between overall economy and flow stability. 

All the core coolant channels in a BWR (including their inlet orifices) operate in parallel 
between a common lower plenum and a common upper plenum, therefore, the pressure head is the 
same for all of them. The channels also have the same inlet subcooling, provided that all the 
recirculation pumps are working. 

Yet, the operating conditions differ between the individual core coolant channels, as regards 
both channel power and axial power distribution - and thereby also flow resistance. Hence, the 
coolant flows will differ between the channels. It follows that even the coolant transport times will 
differ somewhat between the channels - and thereby also the natural frequencies for any purely 
thermal-hydraulic fluctuations which may be present in these flows, owing to the "density wave 
phenomenon". For the same reasons, the stability margins will also differ between the individual 
channel flows. Accordingly, such flow fluctuations will be of an incoherent nature. 

This topic is usually referred to as "parallel channel stability". 
It is these purely hydrodynamic two-phase flow phenomena - which address flow conditions 

within individual BWR core coolant channels - that are the subject of this chapter (generalized 
discussed in sect. 2.3.3). 

Hence, the chapter does not concern the issue of coherent fluctuations in the flows through 
adjacent core coolant channels, which may form a group which often comprises the entire core. 
Even though these fluctuations are induced by the density wave phenomenon, they are coupled 
between adjoining channels via the neutron flux (governing the heat generation in the fuel rods), 
giving thermal feed-back to the coolant via the heat transfer from the fuel. This feed-back 
mechanism alters the stability characteristics of the coupled fluctuations, as regards both natural 
frequency and stability margins, in relation to the purely hydrodynamic fluctuations in the 
individual channel flows. In view of the significant neutron flux response that these coherent flow 
fluctuations determine, they have the advantage that they can be readily observed (albeit indirectly) 
via the neutron sensitive core instrumentation that is installed in the cores of all BWRs. 

On the other hand, the purely thermal-hydraulic fluctuations that may be present in the 
individual channel flows through BWR cores are not easily observed. Normally, BWR cores are not 
provided with instrumentation for monitoring flows through individual core coolant channels. In 
view of the incoherent nature of the concerned flow fluctuations, it is difficult to distinguish any 
response that they may add to the neutron flux signals (unless an individual channel flow should 
experience instability, which is an exceptional occurrence). 

In this context, it should be mentioned that six modern BWRs (which are all located in the 
Nordic countries) are actually equipped with instrumentation for monitoring the inlet flows to a 
limited number of core coolant channels (eight per reactor). However, this option for in-core studies 
of thermal-hydraulic channel flow stability, has only been available since the late 1970's. 
Therefore, the most extensive experience of this phenomenon has so far been gained via 
experiments conducted in loops. 

3.1.4 Features of experimental research 

Loops offer many advantages for studies of two-phase flow thermal-hydraulics. An 
electricafly heated mockup of a fuel assembly in a loop can be exposed to far more onerous 
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operating situations (in terms of channel power and channel flow, for example) than could ever be 
permitted - for testing purposes - in the core of a reactor in commercial operation. Therefore, loop 
studies can be used to probe thermal-hydraulic operating limits of various fuel designs with respect 
to both dry out and flow stability (including the stabilizing influence of channel inlet orifices of 
various strengths), and also to study operating situations close to these limits. Moreover, loops can 
be used to investigate situations which differ significantly from those encountered during normal 
BWR operation (with regard to pressure, saturation temperature and inlet subcooling, for example). 
Last but not least, a fuel assembly mockup in a loop can be equipped with far more instrumentation 
than could be possibly introduced into the core coolant channels of operating BWRs. 

On the other hand, there are some drawbacks connected with loop experiments: notably, 
they are costly to build, and costly to run. This applies in particular to full-scale thermal-hydraulic 
testing of fuel assemblies at realistic BWR operating conditions, with respect to temperature and 
pressure. Cost reductions can be achieved via the use of scaled-down loops, but problems may then 
arise when it comes to extrapolating experience gained from such tests to the full-scale geometry. 
Further cost reductions may be gained by building low-pressure test loops that make use of 
alternative coolants with reduced boiling points, as compared to water. In this situation, 
extrapolation of test results to realistic BWR operating conditions poses extra problems. 

It was mentioned above that loops are used for the dual purpose of testing dryout (mostly 
under steady state conditions) as well as thermal-hydraulic flow stability (including the optimisation 
of the channel inlet orificing). Such tests normally aim to reproduce the operating conditions of the 
"hot channels" of a BWR core. A detailed discussion on this item can be found in réf. [3.33J. 

i) The probing of dryout restrictions at steady state conditions addresses a wide variety of BWR 
operating situations, ranging from full power and fairly large coolant flows down to reduced 
power and low coolant flows. 

ii) Tests of flow stability (which also may probe transient dryout, caused by the recurrent dryout-
rewetting of the heating surfaces during large-amplitude flow oscillations) chiefly refer to the 
latter operating situations: reduced power levels, relatively low coolant flows (down to the 
natural circulation limit) and enhanced core inlet subcooling. 

Observe here that the axial channel power distributions which are encountered at high power 
in a BWR core are generally less downward-tilted than those experienced at reduced power. 
Reproducing two dissimilar axial power distributions in an electrically heated mockup of a fuel 
assembly in a test loop is fully possible, but incurs extra expense. 

As regards flow stability testing in loops, an additional complication arises with respect to 
the pressure conditions at the inlet and the outlet of the test channel. It may be recalled from above 
that all the coolant channels in a BWR core (including the inlet orifice) experience the same 
pressure head. In modern BWRs, the number of parallel channels is so large (several hundreds) that 
this pressure head will remain essentially unaffected, even if one single channel were to experience 
undamped flow oscillations. On the other hand, when a heated channel in a loop experiment 
encounters undamped oscillations, the flow through the entire loop will oscillate - which normally 
influences the pressure drop over the channel. 

There are two ways of dealing with this problem: 

i) Introduce a bypass channel. This option has been discussed in ref. [3.18], demonstrating 
theoretically that if a test channel in a closed loop experiment is operated with a flow bypass 
in parallel, then this bypass will exercise a stabilizing influence on the pressure conditions at 
the inlet and outlet of the test channel - bringing the operating conditions of that channel 
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doser to those representative of actual BWR cores. In this manner, improvements wiU be 
gained with respect to the applicability of the test results to realistic situations. However, 
reaching fully realistic BWR operating conditions in a test loop requires a very substantial 
bypass. (A different result is achieved in the same ref. [3.18] if core and bypass flowrate is 
kept constant, sect. 3,2). 

ii) Conduct the stability tests at natural circulation; the weight of the coolant in the downcomer 
of the loop then provides a constant pressure head. In this situation, all the single-phase 
pressure losses caused by friction in the downcomer and the piping leading to the inlet of the 
test section must be known accurately, since they all contribute to the flow-stabilizing 
pressure drop over the channel inlet orifice. Inertia! effects in the flow through the same 
components must also be taken into account. 

Unless either of these two measures are taken, flow stability experience obtained from loop 
experiments will not be directly representative of actual BWR core coolant channel operation. 
Nevertheless, results from such tests are still of great value for qualifying computer codes 
developed for numerical analysis of thermal-hydraulic stability. Such benchmarking exercises 
require that the modelling accounts for all the features of the entire loop which are of importance 
with respect to the flow dynamics. 

In the late 1950s and the early 1960 s, the first generation of modern BWRs were still in the 
stages of design and construction. Hence, any thermal-hydraulic issues of interest had to be 
investigated via either theory or loop experiments. A great number of such studies were made in 
those days, many of them addressing the topic of hydrodynamic stability of two-phase flows (see 
also the discussion in sect. I.I). 

Up to the Eindhoven Symposium, ref. [3.1], the experimental studies largely addressed flow 
conditions up to the threshold of instability. Since then, considerable research effort has been 
directed towards investigations of what happens beyond that threshold, for example: when limit 
cycle oscillations occur in the coolant flows through boiling channels, at what amplitudes will they 
cause recurrent dryout and rewetting? Some early pioneering work which addressed this topic can 
be found in refs. [3.19] and [3.20]. Additional discussion on this topic is given in sect. 3.3.1.5, 
related to experiments in SETF. 

3.1.4J Experimental methods to characterize the stability 

In order to detect the stability situation, in addition to noise analysis, fully described in 
Chapt. 5 for BWR core application (see also Appendix B), a number of methods are available, (e.g. 
see ref. [3.50]). 

These can be classified as follows: 

- visual method (to determine threshold); 
- oscillation amplitude vs. power (to determine threshold); 
- statistical and stochastic method (to determine threshold); 
- use of Fourier Transform (to determine threshold and characteristics). 

The visual method is very simple, but inferior in accuracy. In references [3.35] and [3.36], 
the oscillation amplitude vs. power diagram method was used, but the threshold powers indicated 
are affected by the definition of when an instability is excited. 

Mathisen's statistical method, rcf. [3.13], defines the threshold power by extrapolating the 
inverse of the flow noise variance towards zero. However, there is no assurance that the threshold 
powers defined by this method agree with the theoretical threshold powers, hi many cases, the 
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threshold power defined by Mathisen's method may be rather high. On the other hand, ref. [3.65] 
introduced a simple stochastic differential equation, to express the density wave oscillation 
behaviour and derive a stability condition. This equation could satisfactorily represent the flow 
oscillation phenomena and as a result, the following definition for the threshold power of instability 
was obtained: 

"On the variance vs. power diagram, threshold power of instability is given as the power at 
the intersection point of two asymptotic lines of the stationary variance curve of measurements". 

The Fourier transform was used in BWR stability analysis in refs. [1.16], [3.41], [3.84] and 
[3.85] and, lately, in refs. [3.58] and [3.61] to characterize the stability, starring from pressure drop 
time trends measured in different axial positions along the heated channel (see also sect. 3.3.2.1). In 
addition, in ref. [3.54], a PRBS (Pseudo Random Binary Sequence) signal was imposed on the 
power and the inlet flow response was measured; Fourier analysis was used to derive a transform 
function. In the same reference, the results of this method were compared with those from a simple 
noise analysis. 

3.2 Results from Fundamental Research 

Results of fundamental research might not be directly applicable or extrapolated to BWR 
plants. The main reason is, generally, that the involved ranges of parameters, specifically geometry, 
pressure and type of fluid, are very different from those of concern to BWR cases. 

However, results may be used to qualify codes, to better understand phenomena and to 
stimulate research and to bring to a proper consideration otherwise enforceable BWR plant 
situations. Parametric studies can also be carried out easily; a few representative results are 
documented hereafter. 

Pressure drop oscillations (PDO), density wave oscillations (DWO) and thermal oscillations 
(THO) have been experimentally characterized by Kakac and Liu in ref. [3.11], 

By using a freon loop having the basic features as those in Fig. 3-1, but with a vertical 
heated test section, DWO, PDO and THO have been characterized as in Figs. 3-3, 3-4 and 3-5, 
respectively, (ref. [3.21] to [3.24]). The concerned domain for DWO and PDO in the pressure mass 
flowrate diagram should be noted from Figs. 3-3 and 3-4, as well the typical respective frequencies. 
On the other hand, THO manifest themselves with relatively large temperature excursions of the 
heater, bringing the surface to dryout and to film boiling operation (Fig. 3-5). 

Superimposed DWO and PDO have been recorded in the form like in Fig. 3-6, ref. [3.25]. 
The PDO can be seen to consist of two different kinds of oscillations: one, the main pressure-drop 
type oscillations which have periods of the order of 20-60 seconds, and two, the high-frequency 
density-wave type oscillations which can be seen to be superimposed on the rising portions of the 
pressure-drop oscillations. The density-wave type oscillations have periods of the order of 2-7 
seconds. 

It should be emphasized that all of the discussed instability types have been obtained in the 
same test loop only by varying operating boundary conditions. 

A stability map in a pressure drop - mass flowrate plane has been proposed by the same 
authors and is shown in Fig. 3-7; stable and unstable zones for PDO and DWO are specifically 
addressed. A number of regions and of stability boundaries can be distinguished in Fig. 3-7. As a 
preliminary observation, it may be noted how DWO and PDO occur at low and high values of the 
channel mass flow, respectively. 
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Fig. 3-5 - Typical recording of thermal oscillations. Q=700W, m^0.59 Ibs/m, Réf. 13.21J. 
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Fig. 3-6 - Typical recording for simultaneous pressure and thermal oscillations. Qi=400 
W, Tt = 32°C. Mass flow rate = 19.97 g/s. Heater tube material: stainless steel. 
Heater Ï.D. = 0.18", O.D. = 0.25", Ref. [3.25). 
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Fig. 3-7 - Example of experimental "oscillation flow map": pressure drop from the inlet 
plenum to system exit versus mass flow rate. Steady-state relationship with 
stability boundaries - use of single channel, Ref. [3.21]. 

The experimental investigations led to the following main conclusions, ref. [3.11]: 

DWO 

(a) Density-wave oscillations occur on the boiling positive slope branch of the pressure drop 
versus flow rate curve. 

(b) Increase in mass flowrate increases stability. 
(c) Increase in heater power decreases stability. 
(d) Increase in overall density ratio decreases stability. 
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(e) Increase in power input to the channel increases frequency. 
(f) Increase of inlet subcooling increases stability at high subcoolings. 
(g) Increase in system pressure for a given power input increases stability! 
(h) Decrease of the heated length increases the flow stability in forced, ref. [3.26], and in natural 

circulation loop, réf. [3.27J. 

PDO 

(a) Pressure-drop oscillations occur on the negative slope branch of the pressure drop versus flow 
rate curves. 

(b) Increase in negative slope decreases stability. 
(c) Increase in heater power decreases stability. 
(d) Increase in exit pressure drop decreases stability. 
(e) Increase in inlet pressure drop decreases stability. 
(f) Period of pressure-drop oscillations increases with decrease in flow rate. 
(g) Superimposed density-wave oscillations appear on low flow part of the pressure-drop type 

oscillation cycle. 
(h) Boiling upward flows are more stable than horizontal flows. 

THO 

(a) Thermal oscillations occur in a domain located within density-wave and pressure-drop 
oscillation regions where there is film boiling. 

(b) During part of the cycle there are always superimposed density-wave oscillations. 
(c) Both the period and the amplitude are nearly inversely proportional to inlet mass flow rate. 
(d) The amplitude increases with heat input, and the period increases linearly with heat input 
(e) In certain operation regions, both the period and the amplitude increase with decreasing inlet 

liquid temperature. 
(f) Increase in inlet pressure drop increases stability. 

Different geometric configurations were experimentally considered in ref. [3.11] including: 

- single parallel channel (stability map in Fig. 3-7); 
- two parallel channels (with equal and unequal heat flux distribution in the two channels); 
- two parallel channels cross connected; 
- four parallel channels. 

A stability map including experimental results from all the various adopted loop 
configurations, is reported as Fig. 3-8, refs. [3.28] to [3.30]. The effects in terms of stability of the 
number of parallel loops, the interconnections among them and the axial power distributions, are all 
reported in the same Fig. 3-8. 

A study of the figure shows that for equal heat input, the three systems, namely, single 
channel, two parallel channels and cross-connected two parallel channels (curves A, B and E) 
behave in almost the same manner, especially for the pressure-drop, instability boundaries. With 
regard to density-wave type oscillations, the most stable system is the cross-connected four parallel 
channels system with equal heat input into the parallel channels (curve G), followed by: 

• the single channel system (curve A); 
• the cross-connected parallel systems with unequal heat inputs (curve F); 
• the parallel channel system with equal heat inputs (curve B); 
• the parallel channel system with a constant heat input of 600 BTU/hr to channel 1 (curve C); 
• the parallel channel system with a constant heat input of 900 BTU/hr to channel 1 (curve D). 
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Fig, 3-8 - Stability boundary comparison of various channel systems, Rcfs. [3.281 to f3.30|. 

The last two systems look very unstable in the figure as compared with the other systems. 
This is caused by the fact that, while the flow rate in channel 1 in each case was low enough for the 
density-wave oscillations to occur, the flow rate in channel 2 was high. Consequently, the total flow 
rate in each case was biased towards higher flow rates. With regard to the pressure-drop type 
oscillations, the most stable system is the cross-connected four parallel channel system with equal 
heat inputs (curve G) followed by (in terms of "decreased" stability): 

• the cross connected two parallel channels with unequal heat inputs (curve F); 
• the parallel channel system with a constant heat input of 900 BTU/hr to channel 1 (curve D); 
• the parallel channel system (curve A); 
• the cross connected parallel channel system with equal inputs (curve E). 

In the same ref. [3.11], the effect of heat transfer augmentation on two-phase flow instability 
was investigated experimentally. It was found, among the other things, that internally springed tubes 
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have the narrowest unstable region, while internally coated tubes are the most unstable (the test 
section was constituted by a single tube with liquid flowing internally). 

The experiments at ref. [3.31] were conducted with steam water mixture at high pressure. 
The parametric effects of system pressure, inlet mass fiowrate, inlet subcooling and orifice size (the 
diameter ratio defined as the diameter of the exit orifice over the diameter of the test section is used 
to investigate the effect of the orifice size), were_experimentally investigated. AH the results are 
consistent with the literature. However for the effect of mass flowrate, these authors found that as 
inlet mass flow rate increases, the limited heat flux increase, but the limited vapour quality 
decreases, (in the ref. [3.31], limited heat flux is the minimum heat flux for oscillations and limited 
vapour quality is the quality in the same condition, see also Fig. 3-9). 

In addition, the effect of the inlet subcooling on the threshold of the density wave oscillation 
was quite complex. With increasing the inlet subcooling, the limited heat flux and limited vapour 
quality decreased firstly, and then increased. For diameter ratio equal 0.5 (see the definition above), 
there are minimum values for the limited heat flux and the limited vapour quality at the inlet 
subcooling about equal to 30°C. For diameter ratio equal 0.33, there is minimum value for limited 
vapour quality at inlet subcooling of about 60°C, but no minimum value for limited heat flux. The 
effect of the inlet subcooling is shown in Fig. 3-9. Increasing inlet subcooling, the single phase flow 
region in the heater becomes enlarged, that makes the system more stable in the considered 
situations. On the other hand, increasing inlet subcooling at the same heat flux, the average vapour 
quality in the heater decreases, the response time for disturbance decreases, so the mass flowrate 
oscillation will occur more easily in the specific considered system (a system is more susceptible to 
oscillations, i.e. more unstable, when the frequency of relevant parameters characterizing the 
involved phenomena, the transit time in this case, matches the inherent frequency of the system). 
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Fig. 3-9 - The effect of the inlet subcooling, on the threshold of density wave oscillations, 
Réf. [3.311. 
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Decrease in the diameter ratio, makes the system more unstable (réf. [3.3I]), in accordance 
with known results from the literature. 

A bundle test loop behaviour with water up to 2. MPa was investigated in ref. [3.32]. Again 
a quite complex effect of subcooling was found. Under low heating powers and high inlet 
subcoolings, there is only single phase flow in the system. In this case, it is obviously stable. But for 
a given channel power and system pressure, if the inlet subcooling is being reduced, the system 
suddenly falls into a unstable condition, and an even amplitude, low frequency, self-sustaining mass 
flow oscillation is being excited. 

With a further reduction of the inlet subcooling, the relative amplitude of the mass flow 
oscillation steeply rises (the system becomes more unstable), reaches a maximum, and then sharply 
declines (the system becomes stable again). There is a unstable region between two stable regions. 
According to the previous definition of the threshold of instability, the unstable region has two 
boundaries, one at low, the other one at high subcooling rates. A single stability map as in Fig. 3-10 
was derived addressing the effect of subcooling, see also ref, [3.68], 

An additional interesting parametric effect was recorded in the same ref. [332] (see also ref. 
[3.68]), in a low range of values for channel exit quality. Some results are shown in Fig. 3-11; these 
demonstrate that in the range of very low channel exit qualities the system is more prone to instability 
when the exit quality is close to zero; for slightly higher exit qualities the system becomes stable. 
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Fig. 3-10 - Stability map of single channel test showing the complex effect of subcooling, 
Refs. [3.321 and [3.68]. 
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An experimental investigation addressing instability in very long heated vertical channel is 
given by ref. [3.33]. A 9 m height test section was used. Density wave instabilities were detected 
characterized by a low frequency range (0.02 -s- 0.2 Hz), consistently with the high transit time. A 
stable configuration with high pressure drop orifice was used as reference and subsequently 
"instability" power was measured (Fig. 3-12). The relationship between transit time and instability 
is given in Fig. 3-13 and the (again) complex effect of the subcooling can be seen from Fig. 3-14 
(the discontinuity in the oscillation period observed at subcooling values around 6 has the same 
origin as explained below). 

A special instability map able to characterize a variety of results from different boundary 
conditions, is proposed in Fig. 3-15: the oscillatory period/transit time is reported as a function of 

Re 
the Tçr •NPCH number. This quantity was experimentally found to correlate (collapse) the 

data very well. The data are much more dispersed in other diagrams proposed in the same ref. 
[3.33]. 

In addition, the last non-dimensional quantity (i.e. the "composed" quantity) directly affects 
the transition between two oscillation types characterized by long and short oscillation period (first 
and second order instability, respectively). The jump variation of the measured oscillation 
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period at the abscissa values around 105 and around 2xI05 (depending upon the channel inlet 
pressure drop) in the upper and in the middle & lower figures, respectively, should be noted. This is 
a direct outcome of the experimental campaign and is in accordance with findings in refs. [3.83] and 
[3.86]: these Authors claim the possibility that oscillations of the order greater than one may occur 
at high subcooling low flow and low power conditions (a order one oscillation corresponds to a 
period in the range of fluid transit time, higher order oscillations to lower periods). 

The paper at ref. [3.18] essentially shows that a bypass channel put in parallel to a heated 
test section is destabilizing, provided that the total flow is kept constant; higher power is needed for 
instability if bypass flow tends to zero (Fig. 3-16). 
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An attempt of interpolating data using a Q/V (= power to the fluid over fluid volume) 
approach is pursued in ref. [3,34]. Some results are shown in Fig. 3-17, where wide data dispersion 
around the "best-cye-fif curve, can be noted. 

An additional example of the complexity of the phenomenon is given by the experiment 
documented in ref. [3.35]. The measured influence of mass flowrate (M) and pressure (Psd) on 
critical power can be drawn from Fig. 3-18 where critical power (i.e., power at the onset of 
oscillations) is reported as a function of the thermodynamic quality at the test section inlet. 
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Fig. 3-18 - Influence of mass flowrate and pressure on critical power at different openings 
test section inlet and outlet valves, c.g. effect of inlet and outlet orifices, 
Réf. [3.35J. 
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The effect of subcooling (increase of subcooling is destabilizing in this case), of pressure 
(increase in pressure is stabilizing) and of test section length (length effect depends upon the 
stability parameter that is taken as reference) is studied in ref. [3.36], from which Figs. 3-19 to 3-21 
are taken, respectively. A high pressure facility (design pressure greater than 10 MPa) was utilized 
consisting of a horizontal inlet chamber, the test section, the separator directly connected with a 
condenser and a downcomer that was bottom connected with the inlet chamber. The heights of the 
downcomer and of the test section could be changed to investigate the influence of the length on 
instabilities. 

An important progress in the area of stability is represented by the Ishii PhD thesis ref. 
[3.87] (see also refs. [3.37] and [4.19]), where the NSUB vs NPCH map was introduced first. The 
effect of pressure (stabilizing) and of pressure drop at channel inlet and outlet (stabilizing and 
destabilizing respectively), results from the maps reported in Figs. 3-22 to 3-24. Experimental data 
are also compared with an original theoretical derivation proposed in the same ref [3.37], 
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The above outline of experimental data should not be considered an exhaustive presentation 
of the data in the available literature. A number of additional results could be part of this outline. 
Relevant examples are constituted by papers at refs. [3.82] and [3.83], (see also ref. [3.79]). Large 
loops are used in both cases: 14 MW electrical power feeds a two fuel channel test section in ref. 
[3.82] and a full scale helical coil OTSG, suitable for an integrated type PWR, is tested against 
instability, in réf. [3.83J. _ 

Fig. 3-23 - The effect of inlet restrictions on the map NSUB Vs NPCH; ke - 2.03, Reft ~ 5.9 
X104, and fn, - 2ff,, Ref. [3.371. 
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3.3 Out-of-Pile Tests. 

33.1 SËTF and Full-scale testing of fuel assemblies. 

Separate Effect Test Facilities suitable for code assessment purposes have been selected in 
refs. [3.3] and [3.4] as already mentioned. A more in depth study focused on the item "BWR 
stability" brought to the characterization of the SETF experimental activities in sects. 3.3.1.1 to 
3.3.1.5. 
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3.3.1.1 The FRIGG loop 

The FRIGG loop was built by ASEA in the mid-1960's, and has been in operation since 
1966. It is located in the ABB Atom Laboratories in Vàsterâs, Sweden. The layout of the loop is 
shown in Figure 3-25. Although its original design power was 8 MW, the loop was actually 
operated up to 9 MW occasionally during the late 1960's. Ref. [3.34] describes the original design 
of FRIGG, and the various experiments that were conducted there in those days. Since then, it has 
been rebuilt and upgraded on a number of occasions. 

During the second half of the 1960's, FRIGG was used for thermal-hydraulic testing of full-
scale electrically heated mockups of 
i) a 36-rod cluster at first, of a fuel assembly design intended for use in the Swedish Marviken 

reactor (a direct cycle BHWR prototype - moderated and cooled by heavy water, at natural 
circulation); 

ii) to be followed by an 8x8 lattice assembly, of a fuel design to be used in Oskarshamn 1 : the 
first commercial BWR in Sweden. (The same assembly design was subsequently utilized in 
the initial cores of all the BWRs that were subsequently built in the Nordic countries, and 
many of the reloads.) 

The test channels were equipped with an abundance of instrumentation, providing a wealth 
of detailed information. 

While the results from the FRIGG tests on the 8x8 lattice geometry are commercial, the 
experience gained from the 36-rod cluster tests has been published, in refs. [3.38], [3.39], and 
[3.40]. There is general consensus between scientists in the field that this material still constitutes 
the best out-of-core experience on steam/water flow that is available in the open literature. 

Three tests series were made for the 36-rod cluster geometry. Two of them are of interest, as 
regards flow stability: 

i) FRIGG - 3 (channel FT 36 b), ref. [3.39], This test assembly combined a uniform axial 
power distribution with a non-uniform radial power distribution (which was varied to simulate 
the radial shape of the neutron flux depression in the fuel assemblies of the Marviken core). 
These measurements are of special interest in the context of flow stability, since a void 
impedance gauge had been installed at the exit of the test section which enhanced the two-
phase pressure drop (detrimental to stability). Periodic flow oscillations were observed in 
several of the operating situations studied. 

ii) FRIGG - 4 (channel FT 36 c), ref. [3,40]. This test assembly made use of the same radial 
power distribution as in FRIGG - 3, whereas the axial power distribution was of the "chopped 
cosine" type. This test series also made use of the above mentioned instrumentation at the 
channel exit Although no periodic oscillations were encountered, the instability threshold was 
established via extrapolation of the flow noise. 

In more detail, the stability testing addressed how the flow stability characteristics 
were influenced by parameters such as channel power, channel inlet orificing, channel inlet 
subcooling and operating pressure. Among the various studies that were made in this 
context, attention may be drawn to some dynamic tests of special interest: ramp tests, and tests 
whereby the heat generation in the rods of the cluster were subjected to PRBS (pseudo-random-
binary-signal) perturbations. A number of responses were monitored, notably in the channel flow 
(both at inlet and exit), the exit void, the pressure distribution along the channel, etc. Dynamic 
transfer functions (gain and phase) from power to flow were then evaluated off-line from the 
recorded data. Tests of this nature were conducted both at natural and forced circulation (no flow 
bypass used). 
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The experience from the FRIGG - 3 and FRIGG - 4 tests has been used extensively for 
benchmarking of a variety of dynamic codes, for example various versions of RAMONA. 
Experience from such exercises has been reported in refs. [3.41], [3.42] and [3.43]. In order to give 
an example of the use of these data, it can be mentioned that ref. [3.41] addresses six selected runs 
from both these test series. The paper presents recalculations that were made at Brookhaven - using 
the RAMONA 3B version - of some of the transfer functions mentioned above. It was concluded 
that the specific RAMONA-3B/MOD1 methodology is applicable to the study of instability 
problems, and also that converged solutions required at least 24 axial nodes in the channel. In 
addition, refs. [3.42] and [3.43] present RAMONA benchmarking calculations which were 
performed by Scandpower A/S against the same two test series. Excellent agreement was found for 
the FRIGG - 3 tests. As regards FRIGG - 4, some conservative bias was experienced which 
increased when the pressure was lowered. 

Towards the end of the 1970's, the FRIGG loop was upgraded and modified so that it could 
be used for thermal-hydraulic testing of full-scale SVEA-64 fuel assemblies (this design may be 
viewed as a conventional 8x8 lattice assembly which has been subdivided into four 4x4 sub-
bundles, inserted in separate subchannels). The loop power remained unchanged (9 MW). The 
majority of the tests that followed addressed the current version of the SVEA fuel shroud design, 
which incorporates "flow communication openings** between adjacent subchannels along the entire 
length of the assembly (these openings were introduced to quench any potential oscillatory 
tendencies of the individual subchannel flows). Some tests were also made of a shroud design 
without such openings. The flow stability testing was made at both natural and forced circulation 
(without bypass). The procedure is outlined in ref. [3.44], which also presents some experience 
gained from the detailed evaluations of the signal recordings made. 

The FRIGG loop was modified again in 1987 to permit thermal-hydraulic testing of SVEA-
100 and SVEA-96 sub-bundles. Some stability experience from these tests is given by ref. [3.45]. In 
recent years, the FRIGG loop has been upgraded to permit full scale thermal-hydraulic testing of 
advanced fuel designs. The loop power has been raised to 15 MW. New instrumentation has been 
installed and the transient test capability has been improved. The current tests, which also include 
flow stability, address the SVEA-96 assembly design. 

3.3.1.2 The Kartstein loop 

This 15 MW loop has been designed and built by Siemens KWU. The facility, which has 
been operating since 1988, is located at the Siemens laboratories at Karlstein, in Germany. It is 
dedicated to the thermal-hydraulic development and testing of electrically heated mockups of fuel 
assemblies for both BWRs and PWRs. For BWR applications, the loop is fully qualified for testing 
of full-scale fuel assemblies. A brief description is found in ref. [3.46]. The layout is presented in 
Figure 3-26. 

According to ref. [3.47], the loop has been used for stability tests. These were conducted at 
natural circulation, in order to realise the "parallel channel boundary condition" described under 
subchapter 3.1.4. The data recorded comprise: operating pressure, inlet subcooling, coolant mass 
flow at inlet and outlet of test section, surface temperatures of heater rods, differential pressures 
(downcomer, inlet, exit), etc. 

The measurements were initiated at stable conditions, with fixed power and subcooling. For 
assessing the detailed stability characteristics, pseudo-random binary signals (PRBS) perturbations 
of the power input to the heated rods were imposed - for half an hour. Their amplitude was chosen 
so as to provide a significant signal response, while remaining within the linear domain. The decay 
ratio was then evaluated from the signal recordings. 
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fl»« I I8 P™cedu";.was repeated as the bundle power was increased stepwise, in a gradual 
approach to the stability threshold. Further power increase was found to produce limit cycle 
a T l n S T S ' f lr a** 6 8 ^ ?ut t 0 d e P e n d °" the power level. These power increases were 
allowed to continue., until periodic dryout and rewetting was observed. This procedure made it 
possible to establish the threshold power for boiling transition during flow oscillations 

No data is available from this facility. 
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Fig.3-26-Schematic diagram of 15MW - dryout/DNB test loop (Karlstein loop), 
IvCi, [J.46], 
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3J J3 The ATLAS loop 

This 17 MW full-scale thermal-hydraulic test facility for BWR fuel assemblies has been 
built by GE. It is located in San Jose, California, refs. [3,48] and [3.69]. 

The ATLAS test facility was designed for full scale testing of fuel thermal hydraulic 
performance with steady state and transient critical power and full bundle and component pressure 
drop as the primary measurements. Since its commissioning in 1971 all GE's new fuel designs (7x7, 
8x8, 9x9 & 10x10) including new features like ferrule type spacers, large water rods, part length 
rods, improved upper and lower tie plates and interactive channels, were all developed with 
assistance from ATLAS test results. New capabilities for steam separator performance and larger 
bundle critical power and pressure drop measurements are being added as appropriate. 

ATLAS was built as a separate effects not as a system test facility. Thus, it was not 
configured for performing stability tests for single fuel bundles. Due to the complexity inherent in 
the BWR stability process (Parallel channel interactions, neutronic gain, excitation of higher 
harmonic modes, sensitivity to reactor operating state parameters such as core power distribution 
effects, etc.) GE's approach has been to perform stability testing of actual operating BWR's and to 
qualify computation models to the reactor test data which includes the coupled thermal hydraulics 
and neutronic phenomena. GE believes that the best approach for understanding and designing for 
BWR fuel stability is by reactor qualification of very sophisticated computer codes. Of course all 
the fuel component pressure drop loss coefficient data generated at ATLAS were a vital part of the 
stability assessment process. However there is no current open literature paper with detailed 
description of ATLAS, ref. [3.69]. 

Again no data is available from the operation of this facility. 

3.3J J The NFI loop 

This 1.8 MW NFI loop was designed and built by NFI, ref. [3.72], The loop has been 
operating since 1993 and it is located at NFI Tokai-mura. The test loop is shown in Fig. 3-27. The 
loop is designed for high temperature steam and water two-phase flow tests. The maximum working 
pressure and temperature are 9.8 MPa and 580 K, respectively. The large volume of the steam 
separator/condenser provides stable loop operation during the flow oscillating stability test. The 
total capacity of 1.8 MW dc electric power from the two rectifier units is shared by two test 
channels. The thermal-hydraulic testing that has been conducted so far includes single and two-
phase pressure drop tests, flow-induced rod vibration tests, dry-out and post dry-out tests, and 
thermal-hydraulic stability tests in the parallel channel configuration. 

The parallel channel stability tests were performed to demonstrate the stability of the newly 
designed 9x9 fuel assembly ref. [3.54]. The test channel with a 3x3 heater rod array were connected 
in parallel with the bypass channel with a 6x6-8 heater rod array. The heater rod was a full-size 
replica of the 9x9 fuel rod. The flow rate of the bypass channel was controlled by adjusting a valve 
at the bypass inlet to provide 6 times higher flow rate than the test channel. The high mass flow but 
low velocity bypass flow was slightly heated, but remained almost single-phase and provided a 
nearly constantpressure drop with a dominant elevation pressure drop during the flow oscillation tests. 

The parallel channel test parameters included variations of flow rate, inlet, subcooling, inlet 
orifice, size, and axial power profile, i.e. uniform, chopped cosine and bottom peaked power 
distributions. The stability threshold was measured by increasing the test channel power until the 
amplitude of the inlet flow oscillation became larger than the noise level. Beyond the threshold, the 
inlet flow exhibited typical density wave oscillation with frequency of 0,2 to 0.6 Hz. This stationary 
limit cycle oscillation extended the flow amplitude to several tens of a percent at which periodic 
dry-out and rewetting were observed by the heater temperature measurements. Transfer function 
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measurement was performed using the PRBS (Pseudo Random Binary Sequence signal) imposed on 
the test channel power. The decay ratio vs. power, which was derived from the transfer function 
measurement, provided the additional information of the stability margin. 

The test data were analyzed by the NFI stability analysis code STAIF-PK, The predicted 
threshold powers were always below the measured data. Agreement between data and predictions of 
the natural frequency was good. It was concluded that the conservative predictions by the STAIF-
PK code imply a certain margin of the channel stability for the newly designed 9x9 fuel, since the 
stability performance of this fuel has been designed using the STAIF-PK code. 

Among various results, in ref. [3.54], it was found that a subcooling increase causes a 
decrease in the power threshold for oscillations, this effect is less pronounced when a high pressure 
drop inlet orifice is adopted. 

3.3.1.5 The BEST loop 

The acronym for BEST is BWR Experimental loop for Stability and Transients tests. This 
test facility was built by TOSHIBA in the early 1980's. It is described in ref. [3.49]. Figure 3-28 
shows the general layout of the loop. The mechanism operating conditions for the loop are 10.3 
MPa (fluid pressure), 538 K (fluid temperature), 6 MW (heated bundles power) and 17 Kg/s 
(bundles flowrate). The facility can be used for investigating both steady-state and transient 
characteristics of various thermal-hydraulic conditions that may be encountered in BWR operation, 
for example: unusual combinations of high power and reduced coolant flow, thermal-hydraulic 
stability, exceptional transients, boiling transition, post-dryout, etc. Testing can be made of full-
length bundles of BWR fuel assemblies, of reduced width. 

In the early 1980's, stability tests were conducted which involved 2x2 lattice bundles: 
representing a reduced width version of an 8x8 lattice assembly. The stability tests which have been 
conducted in recent years have involved a 3x3 lattice bundles, a reduced width version of an 
advanced High-Burnup 9x9 lattice assembly design (STEP-III type A). A substantial flow bypass 
was used in all these tests, to realise the "parallel channel condition". 

The flow stability tests addressing the 2x2 lattice bundles are reported in refs. [3.50] and 
[3.51]. In all these tests, the flow bypass was heated by a 4x4 lattice bundle. While the former 
article describes tests which were extended up to the stability threshold, the latter paper reports on 
stability testing that was extended beyond that limit, reaching oscillation amplitudes where recurrent 
dryout/rewetting was encountered. More details about the latter tests - and the experience gained -
can be found in ref. [3.52], (see also below). 

As regards the above mentioned advanced High Burnup fuel STEP III, there are two design 
versions: type A and type B. The thermal-hydraulic testing of the type A version of this fuel design 
was made in the BEST loop. The stability tests made use of a bypass section which was heated by 
an 8x8 lattice bundle. Theactual tests are described in ref. [3.49], they addressed conditions up to the 
instability threshold, comprising investigations of the effects on stability of parametric changes in 
inlet mass flow, inlet subcooling and axial power profile, as well as the inclusion in the test bundle 
of part-length fuel rods. 

Refs. [3.53] and [3.71] summarize the experience from most of the BEST loop experiments. 
Typical results from the BEST loop are as in Fig. 3-29 where the influence on stability of 

mass flux and channel inlet pressure drop, of subcooling and of axial power shape is shown as 
measured from bundle experiments, ref. [3.50]. As expected the cosine axial power shape is more 
stable than the uniform power shape. The ratio 

TPR==S9§BZ. 
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(TPR = Threshold Power Ratio; QOSBT = power at Onset of Boiling Transition; Qos - Power at 
onset of Stability) is considered in ref. [3.51] and the measured results are shown in Fig. 3-30. TPR 
is slightly affected by mass flux and subcooling. In addition the authors noted that, (ref [3.51]: 

- the OSBT was firstly detected at the downstream end of the heated section when local mass flux 
was decreasing (inlet mass flux increasing); 

- dryout and rewet cycles were observed (see also below) with a period related to that of the flow 
oscillations. 

Typical flow and heater rod temperature recordings in the same loop can be seen in 
Fig. 3-31, ref. [3.52], that confirm the previous findings. 

More recent results from the same loop are given in Figs. 3-32 a) to 3.32 c). The effect of 
mass flux is qualitatively the same as in Fig. 3-29 a); however, the effect of subcooling appears 
qualitatively different, though of minor importance (comparison between Figs. 3-29 b) and 3-32 b). 
It should be noted that the different influence of subcooling from Figs. 3.29 b) and 3.32 b) is due to 
the different power profile in the two cases: chopped cosine in the former case uniform with PLR in 
the latter case. The introduction of a short rod in the bundle (PLR ~ Partial Length Rod) leaves 
more room for steam expansion and improves the system stability (Fig. 3-32 c)). In the same work, 
as expected an "inlet" peaked axial power profile test section showed to be more unstable than the 
uniform power profile test section. 
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3.3.2 Use of Integral Test Facility (ITF) 

Integral Test Facilities (ITF) have been designed to reproduce the overall expected 
behaviour of Nuclear Power Plants. A couple of dozen ITF have been characterized in previous or 
on going CSNI studies, e.g. refs. [3.55] and [3.56]. Specifically, five ITF have been built aiming at 
BWR simulation experiments: TLTA, ROSA-III, FIST, FIX-II and PIPER-ONE. As it is reported in 
the two last documents, roughly one hundred experiments have been performed, but unfortunately 
no specific test campaign was devoted to the study of instabilities; the only exception is represented 
by PIPER-ONE where a few experiments have specifically addressed the problem of stability. 

Only natural circulation experiments, having some connection with the stability issue, have 
been performed in the General Electric FIST facility, as results from ref. [3.70], 

Notwithstanding the above, it seems worthwhile to supply limited information from 
available literature in relation to FIST, ROSA-III and PIPER-ONE, refs. [3.70], [3.73] and [3.57], 
respectively. 

A sketch of the three facilities is shown in Fig. 3-33 taken from ref. [3.74], while FIST and 
BWR-6 are compared in Fig. 3-34, taken from ref. [3.69]. 

A few relevant hardware characteristics related to the three facilities are compared with 
BWR-6 related values in Tabs. 3-1 and 3-2. It should be noted that all the three facilities are full 
pressure scaled (i.e. operating pressure is the same as in the BWR-6), while FIST and PIPER-ONE 
are full height scaled and only FIST is full power scaled. 

3.3.2.1 The PIPER-ONE loop 

Under the sponsorship of ENEA, the DCMN of the Pisa University (in Italy) commenced the 
design and construction of this loop in 1981. It is located at the Scalbatraio Laboratory, in the 
vicinity of Pisa. It was first operated in 1985. Figure 3-35 presents the layout of the loop. It is 
described in ref. [3.57]. 

The loop is an integral facility designed for reproducing the behaviour of BWR 
thermal-hydraulics in operating situations which are dominated by gravity forces. The main 
objective of the research is to provide experimental material that can be used to qualify computer 
codes for thermal-hydraulic analysis for simulating a variety of operating situations, for example 
flow stability. 

The coolant channel was designed to permit testing of a full-length 4x4 lattice rod bundle 
also including the unheated length. This mockup was intended to represent a reduced width version 
of the 8x8 lattice assembly used in the Caorso BWR. One may observe, in this context, that this test 
geometry provides a full-scale representation of a SVEA-64 sub-bundle in its subchannel, as 
described under subsection 3.3.1.1. 

The maximum power of the loop is slightly more than 300 kW, corresponding to about 30% 
of the nominal linear power of the reference BWR. The rods are indirectly heated with chopped 
cosine axial power distribution. The loop operates at natural circulation (which is convenient for 
flow stability testing, for the reasons pointed out under subchapter 3.2) and can be used up to 
pressures of 10 MPa. 

The experimental activity addressing the stability issue is documented in references from 
[3.58] to [3.61]. 

Instabilities have been analyzed by transforming into the frequency domain the time trends 
signals got from the experiments, the FFT (Fast Fourier Transform) was applied to the signals from 
pressure transducers (7 of these are installed throughout the core simulator). 
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Fig. 3-34 - Comparison between sketches of FIST ITF and BWR-6, Réf. [3.69J. 

Significant results are reported in Fig. 3-36. A "quasi" stable limit cycle was observed (Figs. 
3-36 a) and 3-36 b) by cross correlating DP signals along the core. The fundamental frequency of 
the oscillations was found at about 0.5 Hz (Fig. 3-36 c)), ref. [3.58]. Unsteady dryout and rewet 
cycles were also observed as can be deduced from Fig. 3-37, where results obtained by a code 
calculation are reported too, ref, [3.59]. 

A more recent investigation, ref. [3.61], led to characterize the "punctual" instability. 
Essentially, the use of the FFT technique showed that in some situation, instability does not 
propagate along the channel axis. Amplitude of oscillations is close to zero at the channel inlet and 
outlet but it peaks around the zone of peak power, Fig. 3-38. 

Thermalhydraulic mechanisms for rise and smoothing of instabilities appear to exist. 3D 
phenomena inside the bundle and friction could be important in this respect. 
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Bundles 
Array 
Number of bundles 
Heated length (m) 
Maximum power (MW) 
Local peaking factor 
Radial peaking factor 
Axial peaking factor 

Elevation 
Top of pressure vessel1* (m) 
Main sieamlineb (m) 
Bottom of active fuelb (m) 
Top of active fuelb (m) 
Upper tie platec (m) 
Break* (m) 
LPCS injection* (m) 
LPCI injection0 <m) 
ADS and SRV linesc (m) 

'62 active rods. 
bFrom bottom of pressure vessel. 
^Related to bottom of active fuel. 

PIPER-ONE 

4 x 4 
1 
3.7] 
0.25 
1.00 
1.00 
1.26 

13.78 
13.15 
2.67 
6.38 
4.11 

-0.88 
4.37 
J.59 

10.46 

FIST 

8 X 8 1 

1 
3.8J 
5.05 
1.04 
1.00 
1.40 

19.42 
15-36 
4.49 
8.30 
4.11 

-1.03 
4.47 
3.62 

10.87 

ROSA-III 

8 x 8 " 
4 
1.88 
4.46 
1.10 
1.40 
1.40 

6.04 
6.04 
1.59 
3.47 
1.96 

-0.65 
2.49 
2.07 
4.45 

BWR-6 

8 x 8 » 
624 

3.81 
3J50 

1.13 
1.40 
1.40 

21.30 
16.20 
5.30 
9,11 
4.12 

-1.07 
4.47 
3.60 

10.90 

Tab. 3-1 - Hardware characteristics of the experimental integral test facilities simulating 
BWR and the reference BWR, Réf. I3.74], 

Steam dome 
Downcomer 
Jet pump/recirculation loops 
Steam separator 
Upper plenum 
Bundles 
Bypass 
Lower plenum 
Guide tube 

Total 

«Ratio to BWR-6. 
"After loop isolation. 

PIPER-ONE 

Volume 
(m3) 

0.072 
0.042 
0.0025 
0.010 
0.007 
O.OI45 
0.005 
0.035 
0.005 

0.199 

Y/Yf 

1/1860 
1/2580 
1/3720 
1/2930 
1/3930 
1/1850 
1/4540 
1/1560 
1/5400 

1/2210 

. FIST 

Volume 
(m3) 

0.218 
0.170 
0.024b 

0.047 
0.044 
0.043 
0.037 
0.088 
0.042 

0.712 

Y/YR 

1/616 
1/638 
1/388 
1/623 
1/625 
1/623 
1/614 
1/620 
1/643 

1/618 

ROSA-HI 

Volume 
(m3) 

0.317 
0.394 
0.172 
0.031 
0.124 
0.096 
0.060 
0.167 
0.057 

1.418 

Y/YR 

1/423 
1/275 
1/54 
1/945 
1/222 
1/279 
1/378 
1/327 
1/474 

1/310 

BWR-6 

Volume 
(m3) 

134.2 
108.4 

9.3b 

29.3 
27.5 
26.8 
22.7 
54.6 
27.0 

439.8 

Tab. 3-2 - Distribution of volumes in the experimental integral test facilities simulating 
BWR and in the reference BWR, Rcf. [3.74], 
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Fig. 3-36 - Example of results obtained from an instability experiment in PIPER-ONE 
facility by adopting the Fourier transform of the time dependent signals, 
Rcf. [3.581. 
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3.3.2.2 The FIST loop 

This facility is a full height and full pressure BWR test loop. It was built in the late 1970's, 
and is located in San Jose, California. It was designed to investigate system responses to various 
transient events, including stability. In fact, FIST is an acronym for Full Integral Simulation Test. 
The facility is volume scaled by a ratio of 1/624 to a BWR/6 plant containing 624 fuel assemblies 
(such as Cofrentes, in Spain). The core is represented by an 8x8 electrically heated bundle. 

In more detail, the facility embodied an accurate simulation of the complete BWR 
recirculation system, including two small functional jet pumps, full height test vessel andinternals, 
and correctly scaled fluid volume distribution and flow resistances. The heated fuel bundle 
(including rod power distributions, spacers, zircaloy fuel channel, upper and lower tie plates) was 
faithfully simulated, and the same applied to the bypass region and the fuel leakage paths. 

In the early 1980's, a series of natural circulation tests was conducted in the FIST facility. 
They were done jointly by NRC, EPRI and GE, covering a wide range of powers, water levels and 
system pressures, Ref [3.70] describes the test results. No test performed in the facility directly 
addressed the stability issue, as already mentioned. 

3.4 In-Core Experience 

3.4.1 The Halden Reactor 

The OECD Halden Project operates a small (20 MW) natural circulation BHWR, cooled and 
moderated by heavy water. It is located at Halden, in southern Norway, and was built in the late 
1950's. The core is of the open-lattice type, containing about 100 fuel assemblies - all located 
within individual coolant channels which are rather widely spaced out. As regards stability, the 
following comments are pertinent: 

i) The coolant channels are free-standing without any supply tubes (where single-phase inertial 
effects might influence the stability characteristics). 

ii) Since the heavy water is close to saturation, there are virtually no effects from inlet 
subcooling on stability. 

iii) Almost all the moderation takes place in the heavy water located in between the channels. It 
follows that void variations which may occur within the coolant channels do not produce any 
significant reactivity feed-back via the fuel on the channel flow stability. Under these 
conditions, any periodic channel flow fluctuations which may appear are of purely thermal-
hydraulic nature. 

The issue of flow stability in the Halden Reactor was first investigated in 1964. These initial 
studies led to the design of an advanced test assembly to be used for more detailed investigations of 
the power removal capacity of a coolant channel in that reactor, as regards both dryout and stability. 
These test assemblies differed from the normal assemblies used in the reactor, as regards design, 
fuel weight and enrichment. The test channel was equipped with 

i) an externally operated orifice at the channel inlet, making it possible to study the influence of 
the inlet throttling on flow stability over a very wide orificing range; 

ii) extra instrumentation at the channel exit The corresponding pressure loss came to exercise a 
significant influence on the stability characteristics of the channel flows. 
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In réf. [3.66], the Halden Reactor is described together with the stability experiments 
conducted there. Fig. 3-39 shows the layout of the reactor, including one of the test channels. 
Stability tests conducted in Halden mainly addressed the stability issue. Neutronic feedback was 
also detected; however, the specific reactor core design (heavy water moderated) does not allow any 
extrapolation to the area addressed in the present report. 

3.4.2 The Nordic BWRs of the design generation with internal pumps. 

It was mentioned under subchapter 3.1 that six of the Nordic BWRs are equipped with 
instrumentation for monitoring inlet flows to a number of core coolant channels. In these reactors, it 
is possible to make simultaneous observations of: 

i) channel flow fluctuations. of purely thermal hydraulic nature (via the flow monitoring 
instrumentation); 

ii) coupled flow fluctuations which involve neutron feedback via the fuel. 

Some experience from studies of these phenomena which were conducted around the mid-
I980's may be found in refs.[2.3I] and [3.67]. They refer to conventional 8x8 lattice fuel, as well as 
the modified design of the same lattice fuel called SVEA-64 which was being introduced in some 
of these reactors at that time. 

As regards the 8x8 lattice fuel, analyses of signal recordings that had been made in several 
of these plants showed that the two oscillatory phenomena mentioned above coexisted in the core, 
but appeared at different frequencies and had different damping characteristics. For example, at the 
minimum core coolant flow permitted at full power, the channel flows were found to fluctuate 
incoherently - and significantly faster (at about 1-1.1 Hz) than the neutron flux (at about 0,75 Hz), 
which indicates the frequency of the coherent components in the channel flow fluctuations. It was 
observed that the flow fluctuations through the individual channels were strongly coupled to the 
corresponding channel power, the flow noise levels depending almost linearly on the channel 
power. During operation at stretch-out, the frequency of the flow fluctuations gradually increased up 
to about 1.4 Hz, which was reached at the upper end of the permitted core coolant flow range, at full 
power. 

Conversely, when the core power was lowered via the core coolant flow along the flow 
control line (from full power and minimum permitted coolant flow), the frequency of the flow 
fluctuations was reduced. At 75 % power, for example, their frequency had fallen to 0.7 Hz -
while the flow noise levels had increased. 

Experience from analyses of signal recordings that addressed even lower power levels (about 
65 %) - and coolant flows close to the minimum permitted value - can be found in ref, [3.84]. They 
refer to the Forsmark 1 core, at a time when it contained both 8x8 and 9x9 lattice fuel, in nearly 
equal proportions. In the operating situation studied, it was found that while the neutron flux had 
oscillated at 0.49 Hz with a decay ratio of 0.8, the four individual channel flows involved in the 
recordings had fluctuated at characteristic frequencies that ranged from 0.43 Hz up to 0.56 Hz, with 
decay ratios lower than 0.3. In this operating situation, the neutron flux and channel flows had 
reached frequencies that were at least of a similar order of magnitude, even though their damping 
properties differed significantly. Coherence studies showed that the channel flows had fluctuated 
independently of each other, and even of the neutron flux - despite the rather high decay ratio for 
the core. 
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3.5 Remarks from the Overview of the Experimental Data Base 

A wide data base is available from the overview of fundamental researchers in sect, 3.2. As 
already mentioned, this is not in contrast with the conclusions reached in refs. [3.3] and [3.4] where 
a poor data base was found in relation to stability related experiments suitable for system code 
assessment. Only a few tests obtained from the facilities discussed under sect. 3.3 could be useful to 
this aim. Moreover most of these are under proprietary constraints. 

Remarks are as follows: 
* a list of facilities considered in this report is given in Tab. 3-3: these have been distinguished 

into four groups suitable for fundamental studies, addressing core channel behaviour, 
addressing the entire system behaviour and in pile experiments; 

* the effect on stability of a very broad range of parameters has been investigated in 
fundamental studies including pressure, subcooling, dimensions of orifices at inlet and outlet 
of the test section, axial power shape, length of the test section, presence of PLR, presence of 
bypass, etc.; 

FACILITY 
NAME<+) 

KAKAC 

wu 
CANTt 
CARVER 
MASINI 

JAIN 

SAKA 

FRICJG 

ATLAS 
KABLSTEIN 

NFI 
BEST 

FIX-II 

ROSA-HI 

FIST 
PIPER-ONE 

HALDEN 

TYPE 

Fundamental 

Fundamental 

Fundamental 
Fundamental 
Fundamental 

Fundamental 

Fundamental 

SETF-FA 

SETF-FA 
SETF-FA 

SETF 
SETF 

ITF 

ITF 

ITF-FA 
ITF 

IN-PILE 

AVAILABILITY 
OF STABILITY 

TESTS (°) 

-

-
-
-

-

YES 

NO 
NO 

NO 
NO 

NO 

NO 

No 
YES 

YES 

SUITABILITY FOR 
SYSTEM CODE 

ASSESSMENT (°) 

-

-
-
-

' 

YES 

-
YES 

YES 
YES 

NO 

NO 

NO 
YES 

YES 

NOTES 

PDO, DWO and THO investigated. 
Différent loop configurations, 
investigated. 
Very low exit channel quality. 
Effccl of subrouting. 
Very long heated channel. 
Effect of bypass. 
Effect of channel inlet and outlet 
restrictions. 
Effects of fiubcooling pressure and 
length of heated channel. 
Various parameters considered. 
Proposal "of NPCH-NSUB stability 
map. 
Different configurations of the 
facility available. Advanced fuel 
tested. 
No open literature paper available. 
as above PRBS perturbation of 
power imposed. 
Two parallel channels. 
Two parallel channels. Different 
papers in the open literature. 
No experiment relevant to stability 
performed. 
No experiment relevant to stability 
performed. 
One full size bundle. As above. 
Stability experiments performed. 
Different papers in the open 
literature. 
Limited and non-prototypical 
neuironic feedback. 

REFS. 

13.21] to [3.24] and 
(3.28] to [3.30] 

13.68] 

[3.331 
[3.18] • 
[3.35] 

[3.36] 

[3.37] 

[3.41] to [3.43] 

[3.691 
[3.46] and [3.47] 

f3.541 and [3.721 
[3.49] to [3.52] 

13.55] 

[3.55] 

r3.55] and [3.701. 
[3.55] and [3.57] to 

[3.61] 

[3.I3J 

O only for ITF and SETF 
(+) oi name of the first author in the paper 

Tab. 3-3 -Experimental facilities considered in the SOAR on BWRS. 
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* complex dependencies among parameters have been found; however the introduction of the 
NSUB - NPCH plane by Ishii and Zuber, brought to a more straightforward interpretation of 
data, specifically concerning the effects of core power and channel inlet subcooling; 

* among others, the influence of subcooling upon stability seems the most controversial; 

* unfortunately the BWR simulator ITF (e.g. FIST, ROSA-III, etc.), have not been used for 
stability studies (sect. 3.3.2). Only a few tests have been performed in the smallest of these, 
the PIPER-ONE (sect. 3.3.2.1). The "punctual" unstable situation was characterized, 
involving an axially non propagating oscillation that remains stationary in the region of peak 
power; 

* additional experimental data are discussed under Chapt. 4 focused to codes and models 
validation. 

The Table 3-3 should be considered a preliminary list of facilities from which a code 
assessment validation matrix aimed at BWR stability can be derived, according to the criteria and 
the methodology defined in refs. [3.3] and [3.4] (see also ref. [1.2]). The following information 
integrates the data in Tab. 3-3: 
a) facilities reported as "fundamental" do not reflect neither geometrical characteristics of BWR 

fuel elements, nor operating conditions: these are well suited for phenomenological studies. The 
use for code assessment may be proposed, provided boundary and initial conditions are made 
available with adequate accuracy (it was not possible to evaluate such information in the present 
framework); 

b) the facilities SETF-FA are characterized by test sections resembling the fuel element of a BWR. 
Operating conditions (specifically, pressure, flow rates, subcooling, linear power) are those of a 
BWR core. Data from there facilities, when available, can be very useful for system code 
assessment; 

c) more information about NFI, BEST and ITF facilities has already been given in sects, 3.3.1.4, 
3.3.1.5 and 3.3.2, respectively. Again, for all of these, operating conditions are typical of a 
BWR. In the case of ITF, usefulness of the facility recorded data is limited, owing to the lack of 
specific instability experiments, with the exception of PIPER-ONE; 

d) data from Haiden reactor are not considered applicable to BWR conditions. 

3.5.1 Recent treads 

Recent trends include, but are not limited to: 

a) the investigation of thermalhydraulic instabilities following dryout, i.e. in a film boiling heat 
transfer regime, e.g. ref. [3.62]; in this situation the neutronic feedback would also be heavily 
different; 

b) the investigation of the effect of rod neutronic/structural instabilities on coupled 
thermalhydraulic-neutronic instabilities, e.g. ref. [3.63]; 

c) the optimization of separator design to decrease pressure drop and improve the overall system 
response to stability, e.g. ref. [3.64], (see also data in Appendix A). 

d) the use of "electronic" feedback in thermalhydraulic loops has also been proposed to simulate 
neutron feedback or system effects on the core oscillations (see also refs. [3.60] and [3.77]). 

3/56 
SOAR ON BWRS - CEIAPT, 3 

110 



REFERENCES FOR CHAPT. 3 

[3.1] EURATOM 
Proceedings of "Symposium on Two-Phase Flow Dynamics" 
EURATOM, EUR 4288e, Vols. 1 and Iï, Eindhoven, Holland, 4 - 9 September, 1967 

[3.2] X. I. Chen, T. N. Veziroglu, C. L. Tien (Editors) 
Proceedings of 2nd Int. Symposium on "Multiphase Flow and Heat Transfer", 
Hemisphere Publishing Corp. 1991 

[3.3] OECD-CSNI 
"Separate Effect Test Matrix for Code Validation Matrix" 
OECD - CSNÏ Report NEA/CSNI R(93) 14, Paris (F), 1993 

[3.4] F. D'Auria, S.N. Aksan, H. Glaeser, A. Sjoberg, R. Pochard, J. Lillington 
"Further Evaluation of the CSNI Separate Effect Test Activity" 
7th Int. Top, Meet, on Nuclear Reactor Thermalhydraulics, Saratoga Springs, NY, (USA), 
Sept. 10-15 1995 

[3.5] M. Ledinegg 
"Instability During Natural and Forced Circulation" 
Die Warrne, Vol. 61,1938 

[3.6] A.H. Stenning and T.N. Veziroglu 
"Flow Oscillation Modes in Forced Convection Flow" 
Proc. Heat Transfer and Fluid Mechanics Institute, Los Angeles, USA, - 13-21 June, 1965 

[3.7] J.A. Bouré, A.E. Bergles and L.S.Tong 
"Review of Two-Phase Flow Instability" 
Nucl. Eng. & Design 25, 1973, pp 165 - 192 

[3.8] RT. Lahey Jr. and F. J. Moody 
"The Thermal-Hydraulics of a Boiling Water Reactor" 
American Nuclear Society, Lagrange Park, IL. 1977 

[3.9] J.A. Bouré 
"Oscillatory Two-Phase Flows" 
Two-Phase Flow and Heat Transfer in the Power and Process Industries, Hemisphere, 
Washington DC, 1978 

[3.10] A.E. Bergles 
"Instabilities in Two-Phase Systems" 
Two-Phase Flow and Heat Transfer in the Power and Process Industries, Hemisphere, 
Washington DC, 1981 

[3.11] S. KakacandH/T.Liu 
"Two-Phase Flow Dynamic Instabilities in Boiling Systems" 
In Multiphase Flow and Heat Transfer - Second International Symposium, Vol. 1. 
Hemisphere, Washington DC, 1991, pp. 403 - 444 

[3,12] K. Svanholm and J. Friedly 
"An Elementary Introduction to the Problem of Density Wave Oscillations" 
Proc. International Workshop on BWR Stability, Holtsville NY, USA, 1 7 - 1 9 October 
1990, CSNI Report 178, pp 317 - 336 

3/57 
SOAR ON BWRS - CHAPT. 3 

111 



[3.13] R.P.Mathisen 
"Out of Pile Channel Instability in the Loop Skalvan" 
Symposium on Two-Phase Dynamics, Eindhoven, September, (1967) 

[3.14] R.A. Dean, R.S. Dougali and L. S. Tong 
"Effect of Vapor Injection on Critical Heat Flux in a Sub cooled R-113 (Freon) Flow" 
Int'I Symposium on Two-Phase Flow, Israel; (1971 ) 

[3.15] S.Fabrega 
"Etube Expérimentale Des Instabilities Hydrodynamiques Survenant dans le 
Reacteurs Nucléaires a Ebullition" 
CEA-R2884, (1964) 

[3.16] P.Griffith 
"Geysering in Liquid-Filled Lines" 
ASME Paper No. 62-HT-39, (1962) 

[3.17] LA. Fleck Jr. 
"The Dynamic Behavior of Boiling Water Reactors" 
J. Nucl. Energy, Part A, Vol. 11, pp.114-130, (1960) 

[3.18] M.B. Carver 
"Effect of By-Pass Characteristics on Paralleïl-Channeï Flow Instabilities" 
Proc. Instn. Mech. Engrs. Paper 11, Vol 184 (3G), 1969 - 1970 

[3.19] M.B. Carver, D.F. DArcy, G. A. Wikhammar, J. E. Casterline and B. Matzner 
"Instabilities in Flows Through Multi-rod Bundles and their Effect on Dryout" 
Paper 4, Syrnp. Research on Cocurrent Gas-Liquid Flow, University of Waterloo, 1968 

[3.20] D3. Collins, M. Gacesa and C. B. Parsons 
"Study of the Onset of Premature Heat-Transfer Crisis During Hydrodynamic 
Instability in a Full-Scale Reactor Channel" 
ASME Report 71-HT-ll, 1971 

[3.21] T,N. Veziroglu, S.S. Lee and S. Kakac 
"Fundamentals of two Phase Oscillations and Experiments in Single-Channel System" 
Eds. S, Kakac, F. Mayinger, Two Phase Flows and Heat Transfer, Vol. 1, Hemisphere 
Publishing Corp., U.S.A., (1967) 

[3.22] A.W. Steiming, T, N. Veziroglu and G. M. Callahan 
"Pressure-Drop Oscillation in Forced Convenction Flow with Boiling" 
EURATOM Report, Proc. Symp. on Two Phase Flow Dynamics, 405-427, (1978) 

[3.23] S. Kakac, T.N. Veziroglu, H.S. Ergur and I. Ucer 
"The Effect of Inlet Subcooling on Sustained and Transient Boiling Flow Instabilities 
in a Single Channel Upflow System" 
Proc. of Sixth Int'l Heat Transfer Conference, Toronto, Ontario, Canada, Aug. 7-11, (1978) 

[3.24] S. Kakac, T.N. Veziroglu, and T. Dogan 
"Finite Difference Analysis of Two Phase Flow Pressure-Drop and Density-Wave Type 
Oscillations" 
Warme-und Stoffubertragung 14,253-267, (1980) 

[3.25] M.M. Padki, H.T. Liu, S. Kakac, and T. N. Vezirogiu 
"Experimental and Theoretical Investigation of Two-Phase Flow Pressure-drop Type 
and Thermal Oscillations" 

3/58 
SOAR ON KWKS - CHAPT. 3 

112 



In Multiphase Flow and Heat Transfer - Second International Symposium, Vol. 1. 
Hemisphere, Washington DC, 1991 

[3.26] J.D. Crowley, C. Deanne and S.W, Gouse Jr. 
"Two Phase Oscillations in Vertical, Parallel, Heated Channels" 
Proc. Symp. on Two Phase Flow Dynamics, Commission of the European Communities, 
Brussels, 1131-1172,(1969) 

[3.27] M. Ishii 
"Study on Flow Instabilities in Two Phase Mixtures" 
ANL-76-23,(1976) 

[3.28] S.S. Lee, T.N. Veziroglu and S. Kakac 
"Sustained and Transient Boiling Flows and Heat Transfer" 
Eds. S. Kakac, F. Mayinger and T. N. Veziroglu, Hemisphere Pub. Co., USA, (1977) 

[3.29] S. Kakac, T. N. Ozboya, and S.S. Lee 
"Transient Boiling Flow Instabilities in a Multi-Channel Upflow System" 
Warmeund-Stoffubertragung, 10 pp. 175-188,(1977) 

[3.30] S. Kakac and K. Akyuzhi 
"Sustained Boiling Flow Instabilities in a Cross-Connected Four Parallel System" 
Metu J. Pure & App. Sci., 10(2), pp. 157-178, Ankara, Turkey, (1977) 

[3.31] Q. Wang, X. J. Chen, T. K. Chen, T.N. Veziroglu and S. Kakac 
"An Investigation on Density Wave Oscillation" 
In Multiphase Flow and Heat Transfer - Second International Symposium, Vol. 1. 
Hemisphere, Washington DC, 1991 

[3.32] S. R. Wu, J. H. Bo, M. S. Yao, S. Y. Jiang, B. Han and R. Z. Li 
"An Experimental Investigation on Hydrodynamic Stability of Low Quality Two-
Phase Flow in a Low Pressure Natural Circulation System" 
In Multiphase Flow and Heat Transfer - Second International Symposium, Vol. 1. 
Hemisphere, Washington DC, 1991 

[3.33] G. Canti, M. Cumo, V. Lombardi, G. Palazzi, L. Rinaldi 
"Experimental study on ParaDel Channels" (in Italian) 
CNEN RT/ING (81)5 VBD-2,1981 

[3.34] O.Nylund 
"Full-Scale Loop Studies of BHWR and BWR Fuel Assemblies" 
ASEA RESEARCH Vol 10,1969, pp 63 - 125 

[3.35] G. Masini, G. Possa, F.A. Tacconi 
"Flow Instability Threshold in Parallel Heated Channels" 
J. Energia Nucleare vol 15 nr. 12, Dec. 1968 

[336] K. C. Jain, M. Petrick, D. Miller, S. G. Bankoff 
"Self Sustained Hydrodynamic Oscillations in a Natural Circulation Boiling Water 
Loop" 
J. Nuclear Engineering and Design vol., 1966 

[3.37] P. Saha, M. Ishii, N. Zuber 
"An Experimental Investigation of the Thermally Induced Flow Oscillation in Two 
Phase System" 
J. of Heat Transfer, Nov. 1976 

3/59 
SOAR ON BWKS - CHAPT. 3 

113 



[3.38] O. Nylund, K. M. Becker, R. Eklund, O. Gelius, I. Haga, G. Hernborg, Z. Rouhani and F. 
Akerhielm 
"Hydrodynamic and Heat Transfer Measurements on a Full-Scale Simulated 36-Rod 
Marviken Fuel Element with Uniform Heat Flux Distribution" 
FRIGG - 2, ASEA-ATOM, R4-447/RTL-1007, Sweden 1968 

[3.39] O. Nylund, K. M. Becker, R. Eklund, O. Gelius, Î. Haga, A. Jensen, D. Malnes, A. Olsen, Z. 
Rouhani, J, Skaug and F. Âkerhielm 
"Hydrodynamic and Heat Transfer Measurements on a Full-Scale Simulated 36-Rod 
Marviken Fuel Element with Non-Uniform Radial Heat Flux Distribution" 
FRIGG - 3, ASEA-ATOM, R4-494/RL-1154, Sweden 1969 

[3.40] O. Nylund, K. M. Becker, R. Eklund, O. Gelius, A. Jensen, D. Malnes, A. Olsen, Z. 
Rouhani and F. Âkerhielm 
"Hydrodynamic and Heat Transfer Measurements on a Full-Scale Simulated 36-Rod 
Marviken Fuel Element with Non-Uniform Axial and Radial Heat Flux Distribution" 
FRIGG - 4, ASEA-ATOM, R4-502/RL-1253, Sweden 1970 

[3.41] U. S. Rohatgi, L. Y. Neymotin and W. Wulff 
"Assessment of RAMONA-3B Methodology with FRIGG Dynamic Tests" 
Proc. International Workshop on BWR Stability, Holtsville NY, USA, 17-19 October 
1990, CSNJ Report 178, pp. 412 - 432. 

[3.42] E.Rolstad 
"Benchmarking of RAMONA Model Against Experiments Performed with Test 
Section FT36B in the FRIGG Loop" 
Tl/42.70.12, Rev. 1,15 July, 1992 

[3.43] E.Rolstad 
"Benchmarking of Ramona Model Against Experiments Performed with Test Section 
FT 36C in the FRIGG loop" 
T6/42.70.12, 24 July, 1992. 

[3.44] J. Blomstrand, L. H. Broddfelt and S. Haque 
"Stability Investigations of SVEA-64 BWR Fuel" 
NURETH-4, Proc. Fourth International Topical Meeting on Nuclear Reactor Thermal-
Hydraulics, Karlsruhe, Germany, 10-13 October, 1989, Vol. 1, pp. 560 - 567 

[3.45] J. Blomstrand, R. Eklund and O, Nylund 
"Flow Stability Investigations of SVEA BWR Fuel" 
Proc. International Workshop on BWR Stability, Holtsviile NY, USA, 17-19 October 
1990, CSNI Report 178, pp. 74 - 86 

[3.46] KWU Siemens 1991 
"KWU runs Heat Transfer Rig in Karlstein" 
Nuclear Europe Worldscan, J. of European Nuclear Energy Society 11 -12/1991, p. 46. 

[3.47] D.Kreuter 
Private Communication, to J. Blomstrand, 1996 

[3.48] B. Matzner, L.H. Shiraishi, D.W. Danieljon, E.P. Congdon 
"Improving BWR Critical Power Without Increasing Bundle Pressure Drop" 
Proc. 4th International Topical Meeting on Nuclear Thermal Hydraulics, Operation and 
Safety, Taipei, Taiwan, 6 - 8 April, 1994 

3/60 
SOAR ON BWRS - CIIAPT, 3 



[3.49] T. Mitsutake, K. Chuman, S. Miura, S. Morooka, K. Moriya, H. Kitamura, A. Toba and A. 
Omoto 
"Thermal-Hydraulic Stability Tests for Newly Designed BWR Rod Bundle (Step-III 
Fuel Type A)" 
Proc. 4th International Topical Meeting on Nuclear Thermal Hydraulics, Operation and 
Safety, Taipei, Taiwan, 6 - 8 April, 1994, Paper I4-D. 

[3.50] T. Enomoto, S. Muto, T. Ishizuka, A. Tanabe, T. Mitsutake and M. Sakurai 
"Thermal Hydraulic Experiments in Rod Bundle" 
Proc. Third International Topical Meeting on Reactor Thermal Hydraulics, Newport (RI), 
October 15 -18,1985, Paper 9.B 

[3.51] K. Kitayama, S. Muto, Y. Takigawa, S, Ebata, S. Morooka, K. Shirakawa and Y. Yoshimoto 
"Boiling Transition Under Thermal Hydraulic Instability in Rod Bundle" 
Proc. Third International Topical Meeting on Reactor Thermal Hydraulics, Newport R I, 
October 15 -18,1985, Paper 9.C 

[3.52] S. Kasai, A. Toba, Y. Takigawa, S. Ebata, S. Morooka and H. Utsuno 
"Heater Rod Temperature Change at Boiling Transition" 
Proc. 2nd International Topical Meeting on Nuclear Power Plant Thermal Hydraulics and 
Operations, Tokyo, April 15-17,1986, Paper 1A-5. 

[3.53] M. Ishikawa, H. Kitamura, A. Toba and A. Omoto 
"Study on the Thermal-Hydraulic Stability of High Burnup Step IH Fuel in Japan" 
Proc. 4th International Topical Meeting on Nuclear Thermal Hydraulic Operations and 
Safety, Taipei, Taiwan, 6 - 8 April 1994, Paper 14-C 

[3.54] Y, Ito, A. Itami, K. Tsuda, K. Nakamura, M. Ishikawa, A. Toba and A. Omoto 
"Thermal-Hydraulic Stability Tests for Newly designed BWR Rod Bundle (STEP-IH 
Fuel Type B)" 
Proc. 4th International Topical Meeting on Nuclear Thermal Hydraulic Operations and 
Safety, Taipei, Taiwan, 6 - 8 April, 1994, Paper 14-E 

[3.55] F. DAuria, H. Karwat 
"OECD CSNI Srate-Of-the-Art-Report on Thermalhydraulics of Emergency 
CoreCooIing Systems - Review of the Operation of Experimental Facilities" 
OECD-CSNI Report SINDOC (89)101, Paris (F), 1989 

[3.56] OECD/CSNI 
"Supplement to the ITF Code Validation Matrix" 
Paris 1996 (to be issued) 

[3.57] R. Bovalini, F. DAuria, P. Di Marco, G.M. Galassi, S. Giannecchini, M. Mazzini, F. 
Mariotti, L. Piccinini, P. Vigni 
"PIPER-ONE: a Facility for the Simulation of SBLOCAin BWRs" 
Spec. Meet on Small Break LOCA Analyses in LWRs, Pisa (I), June 23-27 1985 

[3.58] R. Bovalini, F. D'Auria, M. Mazzini, M. Virdis 
"Experiment Analysis of Density Waves Instability in PIPER-ONE Apparatus" 
1 lth Conf. of Italian Society of Heat Transport, Milan (I), June 24-26 1993 

[3.59] C. Billa, R. Bovaiini, F. DAuria, M. Mazzini 
"Evaluation of a Thermalhydraulic Instability Experiment Performed in Piper-One 
Apparatus" 
Int. Conf. on New Trends in Nuclear System Thennohydraulics - Pisa (I), May 30 - June 2, 
1994 

3/61 
SOAR ON BWRS - CHAPT. 3 

115 



[3.60] W. Ambrosini, F, D'Auria, G.M. Galassi, M, Mazzini 
"The Research Program on the Instability of Boiling Channels to be Carried Out by 
the PIPER-ONE Apparatus" 
1993 European Two-Phase Flow Group Meet., Hannover (G), June 7-10 1993, J. Energia 
Nucleare, Anno 10, Nr. 3,1993 

[3.61] F. D'Auria, V. Pellicoro 
"Local Instability in BWR Reactor Simulator" 
ÏCONE-4 Conference-New Orleans (US) March. 10-14, 1996 

[3.62] H.Mochizuki 
"Density Wave Oscillation Beyond Dry out Under Forced Circulation" 
ICONE-4 Conference-New Orleans (US) March. 10-14,1996 

[3.63] M. Futakuchi, A. Hoshide, H. Migano, N. Saito, S. Ogiga 
"Vibration Characterstics of Fuel Assemblies to a Boiling Water Two-Phase Parallel 
Flow" 
ICONE-4 Conference-New Orleans (US) March. 10-14, 1996 

[3.64] D. W. Jensen, T. F. Carter, G. W. Fitzsimmos, P. F, Peterson 
"BWR Steam Separator Swirler Optimation" 
ÏCONE-4 Conference-New Orleans (US) March 10-14,1996 

[3.65] H. Terasaka 
"A Stochastic Approach to Determine the Hydraulic Instability Threshold in Boiling 
Water Channels" 
ASME-82-WA/HT-5 (1982) 

[3.66] G. Kjaerheim and E. Rolstad 
In Pile Hydraulic Instability Experiments With A 7-Rod natural Circulation Channel" 
EURATOM, EUR 4288e, Vols. I and II, Eindhoven, Holland, 4 - 9 September, 1967 

[3,67] J. Blomstrand, Th. Lindqvist, J. Lorenzen, B.G. Bergdahl, R. Oguma, B. Andersson, P. 
Reibc, P. Lansaker 
"Stability Investigations of Forsmark 1 BWR during Power Ascension after the 
Annual Shutdown 1987" 
Proc. International Workshop on BWR Stability, Holtsville NY, (USA), 17-19 October 
1990, CSNI Report 178, pp. 59-73 

[3.68] S. Wu, D. Wang, M. Yao, J. Bo, Y. Tong, S. Jeng, B. Han 
"Hydrodynamic Stability of Two-Phase Flow in a Low Pressure Natural Circulation 
System" 
J. of Tsinghua University - Vol. 34, No. E42, September 1994 

[3.69] B.Matzner 
"Contribution to SOAR on BWRS" 
Letter 03-02-96 to J. Blomstrand 

[3.70] W.S. Hwang, M. Alamgir, W.H. Sutherland 
"BWR Full Integral Simulation Test (FIST) Natural Circulation Results" 
NUREG/CR-4128, EPRINP-3988, GEAP-30876 

[3.71] S. Muto, S. Morooka 
"Experimental Study on Rewetting Phenomena in Transient Conditions of BWR" 
J. Nuclear Engineering and Design Vol. 120, Pag. 311-321, 1990 

3/62 
SOAR ON BWRS - CHAPT. 3 

116 



[3.72] K.Tsuda 
"Contribution to SOAR on BWRS" 
Letter to J. Blomstrand of April 1996 

[3.73] H. Kumamaru, K. Tasaka 
"ROSA-HI Test Facility for BWR Integral Simulation Test" 
2nd Special Meet, on SBLOCA Analysis in LWR's, Pisa (I), June 23-27, 1985 

[3.74] R. Bovalini, F. D'Auria, A. De Varti, P. Maugeri, M. Mazzini 
"Analysis of Counterpart Tests Performed in Boiling Water Reactors Experiment 
Simulators" 
J. Nuclear Technology Vol. 97, January 1992, Pag. 113-130 

[3.75] Y. Masuhara, H. Ustuno, Y. Bessho, O. Yokomito and T. Fukahori 
"Research on Geysering Phenomena in the Natural Circulation BWR" 
[CONE-2 Conference, San Francisco (CA), March 21-24,1993 

[3.76] J.H. Chiang, M. Aritomi, R. Inoue, M. Mori 
"Thermohydraulies During Start-Up in Natural Circulation Boiling Water Reactors" 
NURETH-5 Conference, Salt Lake City (US), Septemcer 21-24,1992 

[3.77] H. Kumamaru 
"JAERI Research on BWR Coupled Thermohydraulic-Neutronic Behaviour" 
The OECD-THSB Task Group Meeting, February 1996 

[3.78] A.E. Bergles, S. Ishigai (Editors) 
"Two Phase Flow Dynamics" 
Proceedings of Japan - US Seminar 1979 - Hemisphere Publishing Corporation, 1981 

[3.79] S.Nakanishi 
"Recent Japanese Research on Two Phase Instabilities" 
Proceedings of Japan - US Seminar 1979 - Hemisphere Publishing Corporation, 1981 

[3.80] G. Yadigaroglu, K.C. Chan 
"Analysis of Flow Instabilities" 
Proceedings of Japan - US Seminar 1979 - Hemisphere Publishing Corporation, 1981 

[3.81] K.C. Chan, G. Yadigaroglu 
"Two Phase Flow Stability of Steam Generators" 
Proceedings of Japan - US Seminar 1979 - Hemisphere Publishing Corporation, 1981 

[3.82] K. Fukuda, T. Kobori 
"On Flow Instability of Forced Calculation Parallel Channel" 
14th Annual Symposium of Heat Transfer Society of Japan, 1977 

[3,83] H. Nariai, M. Kobayashi, T. Matsuoka, Y. Ito, I. Aya 
"Flow Instabilities in a Once-Through Steam Generator" 
2nd Int. Conf. on Boiler Dynamics and Control in Nuclear Power Station, Bournemouth 
(UK), 1979 

[3.84] J.K. Park, M. Becker, G.C. Park 
"Nodal analysis for reactor kinetics and stability" 
NUREG/CR-3377,1983 

[3.85] S J . Peng, M.Z. Podowski, R.T. Lahey Jr. 
"NUFREQ-NP: A digital computer code for the linear stability analysis of Boiling 
Water Nuclear Reactors" 
NUREG/CR-4116 RPI, July 1985 

3/63 
SOAR ON BWRS - CHÂPT. 3 

117 



[3.86] G. Yadigaroglu 
"Two-phase flow instabilities and propagation phenomena*' 
Von Karman Institute, Lecture Series, 1978 

[3.87] M.Ishii 
"Thermally induced flow instabilities in two-phase mixtures in thermal equilibrium" 
PhD Thesis, Georgia Institute of Technology, 197 J 

SOAR ON BWRS - CHAPT. 3 
3/64 

118 



MODELLING FEATURES AND ASSESSMENT 

SOAR ON BWRS - CHAPTER 4 -

SOAR ON BWRS - CHAPT. 4 

119 





INDEX FOR CHAPT. 4: 

4. MODELLING FEATURES AND ASSESSMENT 

4.1 Objectives of the Simulation 

4.1.1 Phenomena to be considered 

4.1.2 Quantities to be predicted 

4.2 Basic Models 

4.2.1 General description of available modelling techniques 

4.2.1.1 Thermal-hydraulics 
4.2.1.2 Neutron kinetics 
4.2.1.3 Fuel dynamics and heat transfer 
4.2.1.4 Ex-core systems 

4.2.2 Models for linear stability analysis 

4.2.3 Models for describing non-linear behaviour 

4.3 Available Codes 

4.3.1 Frequency domain codes 

4.3.2 Time domain codes 

4.4. Present Capabilities of Codes 

4.4.1 Qualitative prediction of phenomena 
4.4.1.1 Single-channel density wave instability 
4.4.1.2 Multi-channel systems thermal-hydraulic instabilities 
4.4.1-3 Loop instabilities 
4.4.1.4 Neutronic feedback effects 
4.4.1.5 Summary 

4.4.2 Uncertainty, quantitative accuracy and level of confidence 

4.4.2.1 Channel stability and thermal margin 
4.4.2.2 Decay ratio and oscillation frequency 
4.4.2.3 Transfer functions 
4.4.2.4 Limit cycle amplitude 
4.4.2.5 Timing of events during instabilities 
4.4.2.6 Accuracy in estimating the effect of SRI procedures 
4.4.2.7 Summary 

4.4.3 Main features of validation programs 
4.4.4 Applicability to real plant conditions 
4.4.5 Considerations on code capabilities 

4.5 Modelling BWR Stability in the Fu tu re 

4.5.1 Recent trends 
4.5.2 Areas requiring further effort 

References for Chapter 4 

4/3 
SOAR ON BWRS - CHAPT. 4 

121 



4. MODELLING FEATURES AND ASSESSMENT 

A wide variety of codes and models exists that may be used to address the stability issues, 
ranging from sophisticate system codes, able to calculate an overall plant behaviour, to very simple 
models. AH of them have the capability to deliver similar results to quantify stability (e.g. decay 
ratio), although reliability may be different. 

In fact, the objectives in the development and the level of approximation and of qualification, 
including the reliability of results, are different in the various cases. Multipurpose codes solving multi
dimensional equations both for neutronics and thermal-hydraulics are available; on the other hand, 
simplified codes based on Homogeneous Equilibrium Model (HEM) are still used in the same frame. 
Furthermore, in some cases qualification for BWR stability applications may include tens of 
applications to basic experiments, separate effect loop test and BWR plant occurrences; in other cases, 
it may be simply planned and just results, from predictions are presently available. 

A thorough and complete classification of all the existing codes for BWR stability is not the 
main purpose of the present effort. So, three general requirements have been established for including 
a code in this report: 

a) the code must be able to calculate BWR related conditions and has been applied or is planned to 
be applied in this purpose; 

b) most of the objectives and the capabilities considered in sect. 4.1 must be matched by the code; 
c) adequate documentation can be found in literature or has been provided by contributors to the 

SOAR. 

After the discussion of the objectives of the simulation (sect. 4.1, with .sub-sections. 4.1.1 and 
4.1.2), the present chapter deals with the modelling techniques in the concerned areas, i.e. neutronics, 
thermal-hydraulics, fuel dynamics and heat transfer and ex-core systems (sect 4.2). Linear and non 
linear analyses are considered giving emphasis to tools and methodologies adopted for interpreting 
the results. The most representative among the available codes are described and classified in sect. 
4.3, considering both time-domain and frequency-domain codes. An overview of the results from 
code applications is given in sect. 4,4; a general idea of the level of qualification and of code 
capabilities can be drawn from this analysis. Finally, comments on the areas requiring further efforts 
are reported in sect 4.5. 

It should be noted that models adopted for processing measured signals, e.g. time dependent 
neutron flux, from the plant, have not been considered in this chapter, as they are the subject of 
Chapt. 5. Code applications to plant data are reported in Chapter 6. 

4.1 Objectives of the Simulation 

The final objectives of the simulation can be drawn considering sect. 2.3, where an overview 
of those situations recorded in BWR plants and small scale facilities was given. 

The identification of the specific objectives of the simulation is therefore made on this basis 
with an analytical approach capable to single out, in the variety of experimental situations that have 
been identified in plants and experimental facilities, the basic phenomena to be accounted for in 
qualifying models and basic assumptions. 

So, in order to limit the number of conditions to be addressed, the phenomena and the 
quantities to be predicted arc classified in the following. 
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4.1.1 Phenomena to be considered 

The main objectives of BWR stability analyses can be summarized as follows: 
• to assess the stability margins in reactor plant, including normal and off-normal conditions; 
• to predict the transient behaviour of the reactor should an unstable condition occur; 
• to help in designing and to assess the effectiveness of countermeasures adopted to prevent and 

mitigate the consequences of instabilities. 
Such objectives can be attained only through a realistic simulation of relevant physical 

phenomena and instability mechanisms, 
As reported in Chapter 2, boiling water reactor instabilities are the result of complex 

interactions between thermal-hydraulic and neutronic feedback, which include most of the simpler 
mechanisms observed in test loops (see Chapter 3) or predicted by simplified analytical tools (refs. 
[4.1] to [4.3]). The capability to predict reactor stability behaviour is, therefore, conditioned to the 
adequacy of calculation models in representing these simple instability mechanisms and how they are 
combined to produce an observed or a postulated unstable plant condition. 

As a general remark, computer codes adopted for BWR stability analyses should be suitable 
to predict real plant evolution (see also Chapter 6). Considering the complexity of the observed 
reactor behaviour, it seems appropriate to single out in the following the phenomena which are the 
main targets of the simulation, in the aim to define minimum requirements for the development of 
analytical tools. 

• Single channel density wave instability 
This is the basic instability mechanism and it may trigger more complex unstable behaviour, 

as core wide and regional power oscillations. Its simulation requires to discriminate between the 
single-phase and the two-phase region dynamics, making reference to the relevant flow and heat 
transfer regimes occurring along the channel axis and to the pressure drop distribution. The dynamics 
of heat conduction in the heater must be also considered, owing to its influence on channel stability 
and for predicting the possible safety consequences of the unstable channel, behaviour (i.e., heater 
temperature excursions). Direct coolant heating is another relevant phenomenon occurring in reactor 
conditions. 

• Multi-channel system thermal-hydraulic instabilities 
These phenomena are related to the stability of the single channels included in the system and 

to the way they are coupled each other through the external boundary conditions. For instance, it has 
been observed in ref. [4.4] that due to the channel pressure coupling occurring in BWRs, a core with a 
flat power distribution may be more stable than a core having lower maximum and average powers 
with a skewed radial distribution. It has been also shown that a single unstable channel added to a 
group of stable channels may destabilize the overall system for channel-to-channel instability, ref. 
[4.5]. 

• hoop instabilities 
Liquid-steam separation, recirculation, downcomer water mixing and lower plenum velocity 

fields contribute to the definition of the boundary conditions applied to core channels. These, in turn, 
affect core stability and introduce additional feedback mechanisms having the potential to change the 
character of observed instabilities. For instance, the occurrence of core-wide or regional oscillations is 
decided by the combined effects of harmonic mode subcriticality and thermal-hydraulic feedback, 
where a considerable role is played by local channel instabilities and loop effects ref, [4.6]. The 
Balance of Plant (BoP) may also influence the behaviour of the nuclear island in many situations, and 
must be taken into account. 

• Neutronic feedback effects 
Neutron kinetics establishes the link between the core thermal-hydraulic conditions and the 

reactor power level, adding an additional feedback loop in the overall system. The evaluation of 
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neutronic effects must account for the following aspects which superimpose and mutually interact: 
• effect on local power production of void and Doppler feedback, which is mainly responsible for 
the neutronic stability characteristics of a core; 
• effect of power distribution on the resulting global reactivity feedback, through the weighting of 
local reactivity contributions; 
• subcriticality of the harmonic modes (see e.g.jref. [4.7]) which, in combination with thermal-
hydraulic feedback, contributes to determine the character of neutron flux oscillations (core-wide or 
regional); 
• direct coolant heating via neutron feedback (see also before). 

The level of detail adopted in modelling the above aspects results in different ranges of 
application of computational tools. For instance, codes adopting point or ID neutron kinetics should 
be confidently applied only in cases in which the radial power distribution does not change 
considerably during the transient, as it is during core wide oscillations, and generally are not adequate 
to simulate conditions in which the main instability mechanism is regional. Nevertheless, even the use 
of 3D neutron kinetics is not enough to provide an accurate description of out-of-phase oscillations if 
the thermal-hydraulic representation of the various core regions has not a consistent level of detail. 

4.1.2 Quantities to be predicted 

The capability of models in predicting plant conditions from the point of view of stability can 
be evaluated by considering three classes of variables: 
1. variables to be directly used to quantify stability or to define safety margins; 
2. general variables which can be compared with experimental or plant data; 
3. other variables. 

The first class is related to the variables quantifying stability and safety in assigned reactor 
operating conditions. The evaluation of these variables constitutes the main goal of the simulation. 
For instance, in the case of time-domain analyses, the time trends of variables as local neutron flux, 
simulated neutron detector response (e.g. APRM, LPRM) and average power are used to quantify 
stability, while fuel rod temperature ultimately defines the safety margin. For frequency-domain 
analyses, the amplitude and the phase of the system transfer functions are considered to evaluate the 
stability margins. 

The second class includes the variables (eventually belonging also to the first class) which can 
be compared with measurements and allow the estimation of the accuracy in the representation of the 
status of the system. This comparison is helpful to establish the level of confidence to be assigned to 
predictions about stability. Many thermal-hydraulic and neutronic quantities fall in this category, 
including pressures, mass flow rates, temperatures, neutron flux distributions, and so on. Moreover, 
the quantities characterizing the plant status and, for time-domain analyses, the time at which 
instabilities are experienced are relevant variables belonging to this class. 

All the remaining variables required for a suitable physical representation of reactor 
conditions, consistently with the level of detail chosen in modelling thermal-hydraulic and neutronic 
phenomena, belong to the third class. These quantities cannot be compared with measurements and 
are not directly needed to quantify stability; nevertheless, the calculation of their value may reveal 
necessary because they are utilized in the calculation models and also because they can be used for 
cross-checks of phenomenological consistency of the predictions. Local values of thermal-hydraulic 
or neutronic variables fall in this class, together with parameters adopted in the calculation and 
evaluated on the basis of constitutive relationships (examples are heat transfer coefficients, vapour 
generation rate, slip ratio, temperature difference between the phases). 
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The stability of a reactor core can be quantified in different ways. In principle, it can be 
defined by considering the response of the system to an external perturbation. In practical 
applications, the techniques adopted to translate the observed tendency to converge to or diverge from 
an initial status depend on the nature of the available calculation tools; in some cases, quantities for 
evaluating stability are calculated by processing time evolution of calculated or measured signals (see 
Chapter 5). 

Parameters that are used to characterize stability or reactor safety during oscillations and must 
be calculated by codes, are listed below. Since some of them are not provided by all the adopted 
modelling techniques. Table 4-1 illustrates the applicability of these parameters to linear and non
linear analyses. In relation to the way adopted to calculate one of the reported quantities, whenever 
examples are given, these reflect the current practice and do not imply any judgement of suitability of 
the involved code. 

In relation, to the time domain codes, suitable for non-linear analysis, it must be noted that the 
related results can be processed with FFT; therefore, some of the transfer function related parameters 
can be calculated as shown in refs. [1.16] and [3.58]. 

• Channel Threshold Power 
This variable quantifies the power level at which a channel subjected to given boundary 

conditions reaches marginal stability for density wave oscillations. 

• Decay Ratio (DR) 
Decay Ratio (DR) quantifies the degree of damping or amplification that a given perturbation 

undergoes when applied to the system (see sect. 2.3.1). 
As a general definition, DR is the ratio of two consecutive maxima of the oscillatory response 

to an impulse perturbation. This quantity has a direct meaning only when a mathematical model of 
the system is available. In the other cases, some ambiguity exists in the definition, concerning the 
choice of the subsequent maxima to be considered and various formulations can be used to process 
measured or calculated data (see e.g., refs. from [4.7] to [4.10]). These definitions are applied starting 
from time trends of different variables, which are often related to neutron flux or power production. 

No matter which particular definition is adopted, a decay ratio lower than unity denotes 
stability and allows the quantification of the margin to the occurrence of unstable behaviour. 

• Frequency oj oscillations 
This parameter characterizes the oscillations from the point of view of the time constants 

governing the system. It can be evaluated from the observation of oscillating time trends of relevant 
thermal-hydraulic and neutronic variables. Values around 0.5 Hz are commonly reported for BWR 
oscillation frequency. 

• Limit cycle oscillation amplitude 
Whenever a BWR core is brought out of stable conditions, nonlinearities come into play and 

(after a supercritical Hopf bifurcation, see sect. 2.3.1) a stable limit cycle may eventually occur. In 
this case, the evaluation of the limit cycle amplitude is important in order to define the maximum 
excursion of calculated variables with respect to safety limits. The considered quantities range from 
neutronic variables (often related to power production) to purely thermal-hydraulic variables as flow 
rates, temperatures and pressure drops. 

• Minimum Critical Power Ratio (MCPR) 
This is an index used to quantify the margin against Boiling Transition (BT) which may occur 

as a consequence of coupled power and flow oscillations. It is defined as the minimum value of the 
ratio between the bundle power leading to local BT (i.e., critical power) and the power actually 
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calculated or measured during a transient condition (see e.g. refs. [4.11], [4.12]). The reference value 
of critical power can be evaluated (see e.g., refs. from [4.12] to [4.14]) using the GEXL correlation 
[4.15], for example. The current value predicted for MCPR must be compared with the related safety 
limit (SLMCPR) to verify whether BT conditions may occur or not during oscillations. It can be 
noted that almost CHF correlations, like GEXL, have been derived from steady state experiments and 
their application to boiling transition during instability is still questionable. 

• Parameters from the transfer functions 
Knowledge of the system transfer functions allows to characterize the linear stability 

behaviour of the system and to define some useful parameters. Nyquist plots of the open loop transfer 
function can be used to assess the system stability; for instance, measures of the distance between the 
system configuration and unstable conditions may be obtained from the evaluation of the gain 
margin and the phase margin (see e.g., ref. [4.16]). Decay ratio itself may be also obtained from 
transfer functions, providing an additional measure of the stability margin. 

Other parameters whose evaluation can be obtained by the system transfer function are related 
to the possible presence of a resonant peak, which can be characterized by the value of the resonant 
frequency and the peak gain. The phase at the peak is another important parameter, being related to 
the phase stability margin. 

• Time of occurrence and duration of instabilities 
The time after some plant event (e.g., coolant pump trip, control rod extraction, etc.), at which 

instability is experienced can be relevant in the analysis of the possible countermeasures to be taken 
to prevent or damp oscillations. For example, a power reduction after some time will be followed by a 
feedwater temperature reduction. Also the duration of instabilities can be relevant in this frame. 
These quantities are predicted only by time-domain analyses. 

• Parameters for SRI transients 
In the analysis of the effectiveness of Selected Rod Insertion (see also sect. 5.5.1) procedures 

in damping core power oscillations, potentially useful variables are defined combining the calculated 
LPRM signals, reference [4.17] reports such an approach, in which a variable measuring the relative 
change in LPRM signal (RCR) is represented versus the reciprocal of the average distance of the 
detector from inserted control rods (RAD) in both the calculations and in the tests. 

Furthermore, it is possible to graphically characterize the stability conditions of the system by 

Parameter 

Channel Threshold Power 
Decay Ratio 
Frequency of oscillations 
Limit Cycle Amplitude 
MCPR 
Parameters from the Transfer Functions 
Time of occurrence of instabilities 
Parameters for SRI 

Linear 
Analyses 

yes 
yes 
yes 
no 
no 
yes 
no 
no 

Non 
Linear 

Analyses 
yes 
yes 
yes 
yes 
yes 
no 
yes 
yes 

Tab. 4-1 - Applicability of parameters relevant for stability analyses. 
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the use of stability maps. Among the several parameters defining the status of a boiling system, the 
following three ones mostly affect thermal-hydraulic stability [4.18]: the flow rate, the heating power 
including its spatial distribution and the channel inlet subcooling. To simplify the representation, a 
couple of these parameters or of dimensionless quantities obtained by their combination might be 
chosen to define a 2D stability map, keeping the third one constant. 

It must be noted that in a normal power/flow map the core inlet subcooling is defined by the 
heat balance, provided that a relationship between the power level and the feedwater temperature is 
known (this may differ between individual plants). However, this only applies at steady-state. During 
transients rapid transitions from one operating point to another will be followed by slow transitions in 
FW temperature (and thereby core inlet subcooling). Often instabilities do not manifest themselves 
until this latter transition is completed. 

A classical two-dimensional map for single channel thermal-hydraulic instabilities is defined 
in the plane of the phase change number and the subcooiing number as they are introduced in an early 
paper by Ishii and Zuber [4-19]; Fig. 4-1 reports an example of such stability map. In the case of 
reactor plants, the power-to-flow plane (see Chapter 1 ) is adopted to identify the various operating 
regions and the exclusion region (see e.g. refs. [4.21] and [4.22]), or to mark test conditions (see e.g. 
ref. [4.23] and sect. 2.2.1.3). 

Whatever the adopted maps, it must be emphasized that their meaning is somehow ambiguous 
if the values of the other system parameters are not clearly specified. 

4.2 Basic Models 

4.2.1 General description of available modelling techniques 

Modelling BWR stability requires to simulate both thermal-hydraulics and neutronics together 
with their mutual interactions. This involves the definition and the solution of partial differential 
equations describing basic phenomena and to link them by the required feedback effects. 

Fig. 4-1 - Stability map for single channel density wave instability, Ref. [4.201, 
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The interactions between the various systems during instabilities in BWRs have been 
schematically described in Fig. 2-12. Four main interacting blocks can be noted: 
• core thermal-hydraulics, which affects power production by fission and is often the trigger for 
instability mechanisms; 
• neutron kinetics, which is directly responsible for the attained power level, as a consequence of 
the external and the feedback reactivity perturbations; 
• fuel dynamics and heat transfer, which act as a filter of power perturbations and introduces time 
delays between power production and coolant flow heating; 
• ex-core systems (including BoP), which impose external boundary conditions to the core 
channels, thus influencing its stability. 

Available codes for BWR stability analyses make use of specific models for simulating each 
one of the mentioned blocks, but the adopted simulation techniques and the level of detail in the 
description depend on the purpose of the analysis. In particular: 
• when stability to small perturbations is investigated, linear models are adopted for representing 
the systems and their mutual interactions in the frequency domain (linear stability analysis); 
• if the interest is focused on the behaviour of the reactor after the occurrence of instabilities, non
linear representation of the various blocks is adopted to obtain a system response in the time-
domain. 

Whatever the point of view, a common background exists in the description the addressed 
physical phenomena. Sections 4.2.1.1 through 4.2.1.4 shortly summarize this background. 

4.2.1.1 Thermal-hydraulics 

Considerable effort was made in the field of nuclear reactor thermal-hydraulics in the past 
decades, resulting in the development and the assessment of large system codes, which make use of 
complete two-fluid models (see e.g. ref. [4.25]). Recently, even more sophisticated balance equation 
sets are being proposed for two-phase flow applications (see e.g. ref. [4.26]), although a more 
relevant trend in the field appears the development of multi-D modelling capabilities (see e.g. ref. 
[4.27]). 

hi the frame of these researches, a great deal has been written concerning the modelling of 
reactor plant behaviour during postulated accidents, which has strongly enhanced the capability in 
predicting detailed phenomena. These improvements in the state-of-the-art of reactor thermal-
hydraulics had an effect also in the field of BWR stability, where a number of advanced (second 
generation) codes started to be applied. Nevertheless, in some cases and for selected applications, 
simpler models are still used to deal with core channel thermal-hydraulics or to simulate recirculation, 
plena and BoP components. 

Whatever the detail adopted in phenomena description, the starting point is the definition of a 
partial differential equation system, representing two-phase mass, momentum and energy balances 
(see e.g. ref, [4.28]). These equations are obtained on the basis of the local and instantaneous 
formulation of continuity for a general quantity being conserved, through space and time averaging 
processes (see e.g. ref. [4.29]); this leads to equations in terms of space and/or time average variables 
having a direct meaning from the macroscopic point of view. In all cases, the modelling of the friction 
pressure drops (e.g., two-phase flow multiplier approach) has an important impact on the prediction 
of stability. 

The equations can be locally linearized as a function of a convenient set of independent 
variables leading to a quasi-linear first order PDE system (see e.g. ref. [4.30]). The second order 
derivative terms translating physical diffusion processes (e.g., heat conduction and viscous stresses) 
either can be neglected with respect to first order advection terms or they are formally eliminated 
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introducing additional independent variables. 
The local mathematical character of the system, i.e..whether it is hyperbolic, parabolic or 

elliptic [4.31], has a considerable relevance. Li the former two cases the mathematical model 
translates a time-marching phenomenon involving propagation of physical quantities (as in enthalpy, 
void or pressure waves); consequently, the addition of initial and boundary conditions to the 
equations results in a well-posed mathematical problem [4.32]. On the contrary, elliptic equations, 
which characterize steady spatial distribution phenomena, lead to ill-posed initial and boundary value 
problems and result in unstable time-marching calculations; these instabilities reflect actual physical 
phenomena only in very special cases (see e.g., ref. [4.33]) and are anyway undesirable from the 
computational point of view. 

Nevertheless, the adoption of well-posed balance equations is not mandatory to achieve a 
stable calculation scheme. In fact, numerical stabilization of ill-posed PDEs can be obtained by the 
introduction of additional terms in the discretized balance equations together with the unavoidable 
numerical diffusion brought about by the discretization itself. Different forms of these additional 
terms have been investigated in early works on two-phase flow models [4.34]; among them, artificial 
viscosity terms appeared to be suitable to stabilize the short-wavelength behaviour without any 
considerable effect on the results of interest from the engineering point of view [4.3 5], 

In the case of ID thermal-hydraulic models, the mathematical character of the system is then 
inferred considering the roots of a characteristic equation. These roots have the dimension of a 
velocity. When they are all real and distinct the model is said to be hyperbolic. The lines in the (x, t) 
plane having angular coefficient equal to the characteristic roots are the so called characteristic 
curves, which define the space-time paths along which perturbations are propagating. As a 
consequence, knowledge of the characteristic lines is fundamental to choose the number and the type 
of boundary conditions to be imposed at the border of the domain of solution. 

Source terms appearing in balance equations are functions of the independent variables and 
must be defined on the basis of constitutive (or closure) laws translating various physical 
phenomena related to mass, energy and momentum transfer. These constitutive laws are a very 
critical feature of thermal-hydraulic models, since they need extensive and systematic qualification 
against experimental data. In fact, mainly due to the averaging processes applied in deriving balance 
equations, a great deal of information on local-instant gradients is no more available; this results in 
the need to recover the lost information on flow patterns, velocity and temperature fields to estimate 
the required overall mass, energy and momentum transfer rates [4.36]. 

Some of the most commonly adopted thermal-hydraulic models are briefly presented below. 
The discussion is restricted to the models whose complexity ranges from the simple ID 
Homogeneous Equilibrium Model to the 3D Two-Fluid Models, which is the domain of most of the 
PDEs adopted for BWR stability analyses. 

a) One-Dimensional Homogeneous Equilibrium Model 
The simplest ID thermal-hydraulic model suitable for the simulation of a boiling channel is 

the single-fluid homogeneous equilibrium model, in which three balance equations describe the two-
phase mixture along the channel axis with the assumption of complete thermal and mechanical 
equilibrium between the phases (see e.g. ref. [4.11]). 

The model is also referred to as the Equal Velocity Equal Temperature (EVET) model, to be 
distinguished from more complex models allowing for some degree of thermal or mechanical non-
equilibrium between liquid and vapour (e.g., Equal Velocity Unequal Temperature = EVUT and so 
on). The balance equations can be written in terms of three unknown variables representing the 
thermodynamic status of the fluid and its momentum. With different choices for the independent 
variables, balance equations for the homogeneous model may look different, but their properties are 
essentially the same. 

The variables involved in the homogeneous equilibrium model equations are intended to 
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characterize the two-phase mixture as a single fluid. State relationships take into account the 
assumption of thermal equilibrium between liquid and vapour; the common velocity of the phases is 
nothing but a mixture volumetric flux. Due to the lack of an explicit interphase transfer simulation, 
the only constitutive relationships needed in the model are the wall friction and wall heat transfer 
laws. They are generally well assessed, although different choices are made in defining correlations 
for these phenomena in codes. 

The EVET model is hyperbolic and has three characteristic roots representing the velocity of 
propagation of pressure perturbations back and forth and of enthalpy (moving with the fluid speed). 

b) Two-Fluid Models 
On the opposite side for complexity, two-fluid models have been developed to account for the 

non-equilibria occurring in many plant conditions between the liquid and the gaseous phase in ID or 
3D geometry. Separate mass, energy and momentum balance equations are written for two fields (see 
e.g. refs. [4.36] to [4.39]). Since, overall conservation would not be assured without appropriate 
conditions at the interface between the two phases,/»»*/? conditions can be written imposing that no 
mass, energy and momentum is generated at the interface, conceived as an immaterial surface. 

The solution of these balance equations requires the definition of constitutive laws for the 
interfacial and wall transfer terms. General formulations for representing the related physical 
phenomena have been proposed [4.37, 4.38], but different approaches are used in codes, which are 
continuously upgraded in comparison with experimental data. 

One-dimensional two-fluid models are often adopted in system codes. They can be obtained 
by time and area averaging the local instant formulations of continuity of mass, energy and 
momentum (see e.g., ref. [4.39]). The result is a system of six balance equations containing both 
interfacial and wall transfer terms. Jump conditions and constitutive relations for mass, energy and 
momentum transfer at the interface and at the wall must be formulated in terms of cross section 
averaged variables. This is a difficult task, involving the definition of the interfacial area per unit 
fluid volume in the different flow regimes and the modelling of the related driving forces for the 
considered transfer mechanism as a function of unknown local gradients. 

A classical approach to define constitutive relationships is the adoption of two-phase flow 
regime maps (see e.g. ref. [4.40], [4.41]) for identifying the topological structure of the flow. Once 
the particular pattern (bubbly, slug, churn, annular, dispersed, wavy flow and so on) has been selected 
by appropriate transition criteria, flow-regime-dependent relationships are applied to calculate 
interfacial area and interfacial transfer rates. Similarly, general boiling curves are adopted to define 
the applicable wall heat transfer regime and the related convective heat transfer coefficient. 

The six characteristic roots defining the mathematical character of the six PDE system 
represent the velocities of propagation of phasic enthalpy, void and pressure perturbations along the 
flow duct. They strongly depend on the coefficients of the derivative terms of the six equation model. 

In particular, they critically depend on the assumptions made concerning the phasic and 
interfacial pressures. In fact, these pressures can be clearly defined only in the case of horizontal 
stratified flow, where an hydrostatic pressure distribution can be found suitable to evaluate the 
transverse pressure gradient and the speed of shallow water gravity waves (see e.g. refs. [4.42], 
[4.43]). Dealing with the other cases, it has been found that the assumption of a single pressure for 
the two-phases and the interface leads to ill-posed equation models, while an interfacial pressure 
different from the phasic pressures may result in a hyperbolic system (see e.g., ref, [4,44]). In fact, in 
the former case the two characteristic roots, representing the speed of propagation of void waves, 
become complex conjugate. 

Anyway, as previously anticipated, in some cases it is possible to accept an elliptic character 
of balance equations, if an adequate stabilization is introduced at the level of the numerical 
discretization. For this reason, single pressure models are very often adopted in practical applications. 

At present, one-dimensional two-fluid models represent the most sophisticate among the well 
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assessed techniques for describing two-phase flow. Nevertheless, refinements in constitutive laws are 
always needed to achieve a greater fidelity in the simulation of phenomena and attention is now paid 
to multidimensional models which in principle should be capable of an even greater accuracy. 
However, presently available thermal-hydraulic 3D models need more information on the physics for 
closure laws than ID models: suitable R&D is required in this area. 

c) Pai*tial Non-Equilibrium Models (Mixture Formulations) 
In between the two extrema of the simple Homogeneous Equilibrium Model and complex 

two-fluid models, a wide variety of balance equation sets for two-phase flow exists which include 
some capability to represent thermal and/or mechanical non-equilibrium between the phases. The 
number of balance equations adopted in these cases is less than six and information about slip 
velocity and thermal non-equilibrium is introduced via special closure relationships. 

These models are very often adopted for BWR stability analyses. The reason for this is 
sometimes the need to reach closed form solutions for dynamic flow problems as in the linear stability 
analysis; in fact, complete non-equilibiram models are very complicated to be dealt with by the 
algebra needed to attain transfer functions. In other cases, simplified forms of two-fluid models are 
preferred for historical reasons (e.g., because they have been applied to many test cases and their 
capabilities and shortcomings are well known) or for computational convenience; in particular, when 
a great number of core channels must be simulated, it can be preferable to use cheaper computational 
techniques to speedup the calculation. 

A popular class of models adopted in BWR stability analyses is based on the Drift Flux 
approximation to the problem of mechanical non-equilibrium between the phases. These models are 
based on the kinematic formulation, originally introduced by Zuber and coworkers [4.45] and 
developed later on also by Wallis [4.46], putting a relationship between quality and void fraction in 
two-phase flow channels. The resulting algebraic expression is adopted to define the slip velocity 
between liquid and vapour, once the local conditions are calculated by appropriate balance equations. 

The adoption of Drift Flux correlations allows to replace two separated momentum equations 
for liquid and vapour with one single mixture momentum equation, plus a non-differential 
constitutive law for relative velocity. The complexity of the resulting partial differential equation 
system depends on further assumptions made on phasic temperatures; so, drift flux models may have 
number of PDEs ranging from three to five. 

For the evaluation of mass and energy transfer rates between the phases, different approaches 
can be adopted ranging from the assumption of thermal equilibrium to the complete non-equilibrium 
model. In the former case, the mass transfer rate is implicitly evaluated by the equal temperature 
constraint, while in the latter, as for two-fluid models, constitutive laws for interfacial area and 
evaporation or condensation at the interface must be developed and assessed. 

Intermediate approaches have also been applied, considering partial thermal non-equilibrium. 
For instance, the phase with the lowest mass can be assumed in saturated conditions; this was made 
in RELAP5/MODI code as an intermediate step toward complete thermal non-equilibrium, resulting 
in a five equation model [4.47]. 

In the case of these reduced complexity models, the major emphasis is put on the level of 
reliability of constitutive models adopted for heat transfer, pressure drops and drift velocity. Since 
they influence considerably the dynamics of the channel, well assessed, often proprietary correlations 
are used for predicting these phenomena. 

4.2.1.2 Neutron kinetics 

The neutron kinetics equations are variously obtained from the general space and time 
dependent multigroup diffusion equations for a finite reactor of non-uniform properties with 
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consideration of the effect of delayed neutrons (see e.g., [4.48]). These equations are coupled with 
initial and boundary conditions, the latter usually requiring that the neutron flux is zero at the 
extrapolated boundary. 

Three-dimensional neutron kinetic calculations are often made with two energetic groups (fast 
and thermal) and six delayed neutron groups. Nevertheless, different choices are possible depending 
on the degree of accuracy required. 

In particular, modified one-group theories constitute a less sophisticated option which may 
result convenient for fast calculations. The basic assumption in these theories is that only the 
dynamics of the thermal neutron group needs to be simulated in detail, accepting to represent the 
neutron source from slowing down with some approximations. For instance [4.17], a same buckling 
and a same logarithmic time derivative for the flux is assumed in the various groups and use is made 
of the Fermi age theory to determine group migration areas affecting the slow neutron source. The 
result is a single neutron diffusion equation coupled with one or more delayed neutron precursor 
equations. 

The evaluation of the time variation of neutron flux can be made in different ways [4.48]. In 
particular, the well known prompt jump approximation is sometimes used for BWR stability 
analyses. This approximation consists in assuming that the short term power transient, which occurs 
just after a step reactivity insertion and precedes the slower transient dominated by delayed neutron 
lifetime, can be approximated with a step jump (see e.g., [4.49]). This approximation is reported to 
be accurate within 1% up to steps of reactivity of 0.5 $ [4.50]. 

Concerning the spatial neutron flux distribution, it is interesting to recall some basic results of 
classical nuclear reactor theory. The time dependent solution of the differential problem obtained 
from diffusion equations by imposing arbitrary initial and boundary conditions can be expressed 
separating the dependence upon space and time variables. The functions expressing the spatial 
dependence of the neutron flux are the eigenfunctions of the diffusion operator associated to the 
particular boundary conditions and satisfy an eigenvalue equation. They are often referred to as 
spatial harmonics and have the property to be orthogonal to each other. 

Orthogonality has some noticeable consequences. For instance, when a reactor is critical and 
operating in the fundamental mode, if a uniform reactivity change occurs, orthogonality of the 
eigenfunctions assures that the reactor will remain in the fundamental mode also during the change. 
On the contrary, if a non uniform reactivity change occurs, excitation of the higher harmonics is 
experienced, coherently with the fact that the new harmonic modes of the reactor after the reactivity 
change are no more orthogonal to the initial set of eigenfunctions (cf. [4.49]). 

Furthermore, orthogonality assures that the time trend of each mode is independent on the 
other modes. Nevertheless, it can be demonstrated [4,1] that in the presence of non-linear space-
dependent feedback effects excitation of higher harmonics by the fundamental mode is possible, as 
the harmonic modes are no more decoupled in time. 

The concept of harmonic mode is fundamental for understanding the mechanism of regional 
oscillations, hi many cases, it is convenient to define the m-tk harmonic mode subcriticality> as the 
separation between the m-th and the first mode eigenvalues (see e.g. [4.7], [4.17]). The greater the 
subcriticality, the stronger the thermal-hydraulic feedback needed to generate regional instabilities. 

One-dimensional kinetic equations are sometimes adopted for BWR stability calculations, 
when the radial buckling is nearly unchanged during oscillations. At a lower level of approximation, 
point kinetic equations are adopted when the overall buckling is almost constant during the transient 
evolution (see e.g., [4.50], [4.51], 4.52]). The parameters adopted in these equations, as the delayed 
neutron fraction, the mean generation time (between birth and subsequent absorption by fission = 
prompt neutron lifetime) and the total reactivity, must be defined taking into account some 
phenomena formally neglected during the derivation of point kinetics equations. In particular, the 
lower energy at which delayed neutrons are generated with respect to prompt neutrons leads to modify 
the value of the delayed fraction with respect to the original definition; the values to be adopted are 
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generally several percents larger (ref. [4.50]). Moreover, the value of reactivity to be used is an 
average over the whole core, obtained making use of the concept of adjoint flux (see e.g., ref, [4.1 ]), In 
this respect, it must be mentioned that situations and effects may be different for small and large 
cores. 

While in ID and 3D kinetic models feedback effects are directly entering the definition of 
nuclear cell constants, in point kinetics it is necessary to know the global effect on reactivity of each 
feedback parameter. Reactivity coefficients must be defined for the major feedback phenomena, 
accounting for Doppler and void effects on the overall core. 

4.2.1.3 Fuel dynamics and heat transfer 

Fuel rod dynamics is generally taken into account by solving the one-dimensional radial heat 
conduction equation in cylindrical geometry. Axial heat conduction is usually neglected. 

Various degrees of detail can be adopted in the solution, also depending on the chosen 
numerical method. In particular, fuel thermal conductivity can be kept constant or variable in space 
and time (anyway, it is a function of temperature); gap conductivity can be imposed as a parameter or 
evaluated by sophisticated relationships. 

Convective heat transfer coefficients are evaluated considering the local channel thermal-
hydraulic conditions and the heater rod surface temperature. Unlike the large thermal-hydraulic 
system codes, where heat transfer packages covering the whole range of interest for nuclear reactors 
are used, many codes adopted for BWR stability analyses are capable to treat only few heat transfer 
regimes, characteristic of core channel conditions. At least, single phase liquid forced convection, 
subcooied and saturated boiling regimes must be included in the models for a convenient 
representation of channel heat transfer. 

The capability to predict the Boiling Transition and post-dryout heat transfer is another 
relevant feature often included in codes, in order to estimate safety margins. 

4.2.1.4 Ex-core systems 

Most codes adopted for BWR stability analyses include the capability to represent ex-core 
phenomena as separation, recirculation, downcomer water mixing, jet pump behaviour and so on. The 
complexity of models ranges from lumped parameter formulations to the use of complete six 
equations two-fluid models, depending on code structure and range of application. 

The capability of simulating Balance of Plant (BoP) and control system behaviour is another 
relevant feature of some adopted models. The effect of these aspects on the predicted plant behaviour 
can be considerable and an analysis should be always made on the impact of the assumptions on 
boundary conditions, preliminary to any code application to real plant conditions (see e.g., ref. 
[4.53]). 

4.2.2 Models for linear stability analysis 

a) General concepts 
The dynamic behaviour of boiling water reactors, and of boiling systems in general, can be 

assumed to be linear for small deviations around steady operating conditions. This makes it possible 
to study stability of BWRs using locally linearized equations. 

An assigned operating condition can be considered linearly stable if the system reacts to 
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external perturbations of small amplitude showing the tendency to converge toward the initial state. 
Eventually, damped oscillations of relevant parameters are observed in the time domain; the degree of 
damping can be taken as a measure of the margin to stability, since less and less stable systems show 
oscillations with lower and lower damping. Neutral or marginal stability (i.e. the stability Hmit) is 
then attained when oscillations indefinitely maintain their initial amplitude. Beyond this limit, the 
system tends to amplify external perturbations, diverging from the initial state. 

As a consequence, linear analyses can quantify the stability margin of operating conditions 
under small perturbations, also providing estimates of the critical value of parameters at which 
neutral stability can be observed. On the other hand, since the nonlinear effects which come into play 
at finite oscillation amplitudes are not considered, these methods are not suitable for predicting the 
system behaviour beyond the stability threshold. 

In an early work, Wallis and Heasley (ref. [4.54]) applied the linear stability analysis for 
predicting the dynamic characteristics of a two phase flow system. This work is acknowledged to 
have proposed the basic techniques subsequently adopted in most frequency-domain models for 
boiling channel stability [4.55]. 

Figure 4-2 reports a possible classification of available models for linear BWR stability 
analyses as resulting from an analysis of available literature. The two classes of simplified models are 
identified for the analysis of heated channels with imposed boundary conditions of different 
complexity and of codes set up with the purpose of a complete description of BWR plant dynamics. 
Models in the first class have been widely used to describe fundamental parameter and system 
configuration effects on stability of boiling systems, but have a limited applicability for BWR 
problems. Models in the second class can be considered as an evolution of those in the first, in which 
linear models of the other relevant physical features of BWRs have been introduced. Of course, in 
both classes, models can be found with very different complexity. 

In a general approach, boiling systems are described by selecting proper forms of mass, 
energy and momentum balance equations. Different model equations can be considered, ranging from 
the homogeneous equilibrium model to slip models (see sect. 4.2.1). Complete two-fluid models are 
usually avoided because they lead to very complex mathematical formulations and require well 
assessed constitutive laws [4.56]. A very common choice is the use of drift flux models, with 
different numbers of balance equations. Appropriate closure laws must be provided to evaluate wall 
friction and heat transfer and for quantifying interfacial non-equilibria. 

Approximations are sometimes adopted in handling PDEs for thermal-hydraulics. A popular 
one consists in neglecting the effect of pressure distribution along the loop on fluid properties, thus 
decoupling momentum equation from energy balance (see e.g. ref. [4.57]). Additional assumptions 
may be related to the heat flux distribution along the heater, which can be considered constant in time 
and space, or assigned with a given axial distribution or, at a higher level of approximation, evaluated 
considering heat conduction in the heater and fission power dynamics. The latter aspects are of 
primary importance for stability of boiling water reactors and the related simulation capabilities 
heavily affect the range of application of the calculation model. Of course, for application in the 
stability analysis of real BWR plants, the simulation of the dynamic behaviour of fuel and neutron 
kinetics is mandatory. 

Balance equations for thermal-hydraulics are written for selected regions representing the core 
and possibly also the ex-core components of the reactor. The heated channel is generally subdivided 
into the non-boiling and the boiling regions, in which appropriate forms of the equations and of the 
closure laws are adopted; in some cases, a third region is introduced to take into account the 
peculiarities of subcooled boiling phenomena. As the boundaries of these regions move as a 
consequence of changes in operating parameters, appropriate relationships for defining their motion 
must be introduced. A finer subdivision of the channels in nodes can also be adopted, for instance to 
take into account the real heater power distribution in a step-wise approximation. 

Heat conduction inside the fuel can be represented by a variety of models, ranging from 
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lumped parameter approximations of the temperature profile, up to fully ID radial heat conduction 
models with a multi-node representation. Fission power dynamics is generally represented by the 
classical equations of point reactor kinetics; in the most sophisticate codes, ID or even 3D models are 
adopted. 

Parallel channels are simulated with individual thermal-hydraulic and heater behaviour. Ex-
core components are represented by specialized nodes in which thermal-hydraulic balance equations 
are solved; in many cases, simplifications are introduced to represent only the phenomena which are 
relevant for BWR stability. 

LINEAR MODELS FOR BWR DYNAMICS 

Models for Basic Phenomena Codes for Overall BWR Dynamics 
(single or parallel channels, with (TH and neutron kinetics, ex-core models) 
or without loop and heater effects) 

Fig. 4-2 - Classification of linear models adopted in the stability analysis of BWRs. 

b) Linearization of basic equations 
The obtained governing equations, originally having a non-linear character, are then 

linearized by perturbing around a given operating condition and Laplace transformed. Partial 
transfer functions are thus obtained, representing a multi-input multi-output linear model of each 
relevant process under small perturbations. Different transfer functions can be obtained in relation to 
different choices for input and output parameters. Among the variables to be considered as input or 
output signals the following are the usual ones: system pressure, pressure drops, nodal void fraction, 
inlet flow rate, fission power, reactivity. 

The transfer functions obtained for each component are then assembled to give the overall 
open-loop or closed-loop transfer functions. Also at this level, different input and output variables 
can be considered, common choices being external reactivity, system pressure, core inlet flow rate as 
input, and reactor power as output. The choice of system pressure as input variable is particularly 
suited to assess the stability behaviour of the reactor under the conditions occurring in some plant 
tests (see e.g., refs. [4.58], [4.59]). Figure 4-3 schematically summarizes the various steps to be 
completed in the linear stability analysis of BWRs. 

Two simple examples of application of the above described techniques are given below 
making reference to studies on the behaviour of single uniformly heated channels and parallel channel 
systems, refs. [4.5,4.60,4.61]. 
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Write governing equations for : 

- core thermal-hydraulics 
- neutron kinetics 
- fuel-to-coolant heat transfer 
- ex-core components 

N ^ 

Linearize governing equations 
by perturbation 

..,.., ..à ' 

Perform Laplace Transform 
of separate blocks 

.,, >. s 

Assemble 
open loop transfer functions 

to obtain 
overall system transfer functions 

~\ 
? 

Calculate parameters 

quantifying stability 

Fig. 4-3 - Procedure followed in linear stability analysis of BWRs 

The first example (Figure 4-4) is related to the modelling of a single boiling channel with 
imposed Ap. The thermal-hydraulic balance equations adopted refer to a homogeneous equilibrium 
model. Making use of the simplifying assumptions of uniform axial power production, no allowance 
for subcooled boiling, constant system pressure, localized pressure losses only at the inlet and at the 
outlet section and constant heat transfer rate in the boiling region, the balance equations are 
integrated from the channel inlet to the boiling boundary and from the boiling boundary to the 
channel outlet, thus obtaining expressions for the pressure differences in the single and two-phase 
regions. 

After perturbing and Laplace transforming, it is possible to find the transfer functions 
translating the linear behaviour of the perturbations in the pressure drops along the non-boiling and 
the boiling regions as a function of perturbations in the inlet volumetric flux, in the heater power and 
in the inlet enthalpy. 

With reference to Figure 4-4a, it can be noted that the two above relationships represent linear 
blocks having three different input signals and a single output signal. The summation of the two 
output signals represents the perturbation in the total pressure drop across the channel as a function 
of perturbations in the input variables. 

When investigating the stability of a single boiling channel for constant heater power, inlet 
subcooling and total channel pressure drop, the two blocks for single and two-phase pressure drops 
are connected as shown in Figure 4-4b. The resulting transfer function between the external inlet 
volumetric flux perturbation, 5Jm exl, and the total volumetric flux perturbation arising as a result of 
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the feedback effects related to the constant overall pressure drop constraint, 5J|ntot, can be then easily 
obtained. The characteristic equation of the boiling channel can be finally studied to assess stability. 

The second example is related to a multichannel system. In this case the boundary conditions 
to be imposed are: 
• the variation of the overall flow rate through the multichannel system is externally specified; 
• the pressure drop across each channel is the same. 

With reference to Figure 4-5, the transfer function between the total flow rate and the pressure 
drop can be easily obtained. Stability of the multi-channel system can be studied considering the 
properties of this transfer function. 

Of course the two above examples are very simple ones, although they retain the basic 
features of the procedure to be applied to study linear stability. In the case of a real BWR, allowance 
for heater rod dynamics, neutron kinetics and ex-core systems must be made, thus increasing the 
complexity of the obtained formulations. 

c) Results from the analysis 
Knowledge of the overall system transfer function is the basis for discussing linear reactor 

stability in any assumed operating condition. Different techniques can be adopted for defining the 
criteria for stability as a function of independent parameters, all referring to classical control system 
theory [4-Ï 6]. Some of them are mentioned hereafter. 

• Direct observation of the Bode plots 
Bode plots of gain and phase for a closed loop transfer function of reactivity 

versus power have characteristic features which can be put in relation with the 
partial transfer functions for reactivity feedback, fuel heat transfer and channel thermal-hydraulics 
(see e.g, [4.1]). Observation of gain peeks and of the corresponding phases may be used to judge 
about stability. When experimental data are made available in the form of gain versus frequency data 
points, this method also allows to quantitatively assess the reliability of code predictions (see e.g., 
[4.62]). 

• Nyquisl locus method 
As it is well known, the Nyquist stability criterion provides a means of investigating 

the stability characteristics of a linear system with feedback once the open loop 
transfer function is known [4.16]. Qualitative and quantitative observation of 
the Nyquist plot of a BWR transfer function allows to discuss stability as a 
function of parameter variation (see e.g., [4.63]). Gain and phase margins are also easily defined by 
this method. 

• Root locus method 
Observation of the behaviour of the transfer function poles in a complex plane when relevant 

parameters are changed is helpful in determining the neutral stability threshold (see e.g, [4.1]). A 
variant of this method is the study of the hypersurfaces separating regions of the parameter space 
characterized by a different sign in the real part of transfer function poles; domains can be identified 
where all the poles have negative real parts, defining stability islands, and the hypersurfaces 
separating them from the rest of the space are marginal stability surfaces (D-partition method) 
[4.64]. 

• Calculation of the Decay Ratio 
The system transfer function contains information about the response of the system to a small 

impulse perturbation in the input variables. The Decay Ratio can be therefore calculated on its basis, 
providing a measure of the margin to stability. 
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Fig. 4-4 - Example of transfer functions of a single boiling channel, a) Total pressure drop 
perturbation as a function of inlet mass flux, inlet enthalpy and heater power 
perturbations, b) Closed loop transfer function for constant inlet enthalpy, total 
pressure drop and heater power. 
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Fig. 4-5- Example of transfer functions and boundary conditions for a multichannel 
system. 

4.2.3 Models for describing non-linear behaviour 

a) Classification 
Figure 4-6 reports a gênerai classification of non-linear models for the description of the 

dynamic behaviour of BWRs and other boiling systems as resulting from the available literature. Two 
main classes are identified: 
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1. Simplified Phenomenological Models^ mainly addressing only a few of the basic phenomena 
involved in BWR stability or even considering most of them but using some simplifications at 
the mathematical or physical level; 

2. System Codes, aiming at the detailed simulation of the BWR plant, in some cases using up-to-
date descriptions for each relevant phenomenon. 

Theobjective of phenomenological models is generally to provide understanding of the basic 
physical mechanisms involved in BWR behaviour beyond neutral stability, making use of concepts 
drawn from the theory of non-linear systems. The simplifications introduced in their development 
allow more efficient discussion of the basic physical features of the system, neglecting complicated and 
relatively unrelevant aspects which could mask the overall system response during instabilities. 

Many of these models have been developed to deal with purely thermal-hydraulic instabilities 
and have provided insight into the basic phenomenon of density waves; they are often a direct 
extension to the non-linear field of linear stability models (see e.g,, refs. [4.64], [4.65], [4.66]). 
Usually these models are formulated as systems of ordinary differential equations to be solved by 
appropriate numerical methods; in some cases more complex integro-differential equations depending 
on previous time history can be obtained (see e.g., refs. [4.20]). 

Simplified non-linear models for BWRs taking into account a more complete class of 
phenomena have been also developed. A relevant example is the phenomenological model proposed 
by March-Leuba et al. (réf. [4.2]). This model consists of two first order differential equations for 
neutron kinetics with one delayed neutron group, one first order differential equation for fuel 
temperature behaviour and one second order differential equation for void feedback; a linear form is 
assumed for the dependence of Doppler feedback on fuel temperature. The model has been adopted in 
different works (see e.g., refs. [4.2], [4.67]) to show interesting trends in the overall behaviour of 
BWRs during instabilities, including the representation of limit cycles, Hopf bifurcations (see sect 
2.3.1), aperiodic behaviour and universality. 

Computer programs in the second of the above mentioned classes are. more tightly related to 
the concept of system codes. They are generally based on the solution by suitable numerical methods 
of the PDE systems representing the thermal-hydraulic and neutronic features of reactors. ïn some 
cases, large ODE systems are obtained whose solution is advanced in time by particular techniques. 

In relation to the capabilities in the simulation of the whole plant, two main code subclasses 
can be considered in the class of system codes: 

a. codes mainly addressing the core behaviour, in which specialized (often simplified) models are 
adopted for the recirculation system and the BoP; 

b. codes having, in principle, the capability to describe the whole plant to a same, usually very 
high degree of detail. 

In the first subclass, codes capable of a very detailed representation of the core from both the 
thermal-hydraulic and the neutronic point of view (i.e., channel by channel description, 3D 
neutronics) can be found. To the second subclass belong engineering plant models, based on a 
computationally efficient representation of the dynamics of all plant components, code specifically 
developed for BWR stability and general purpose thermal-hydraulic system codes adopted for reactor 
safety analyses, which may be upgraded for purpose of BWR stability analyses, for instance by 
coupling with a detailed (ID or 3D) neutron kinetics code. Among the specific codes for BWR 
stability, different choices are adopted for two-phase flow modelling, with a general tendency to make 
use of drift-flux models. 
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NON-LINEAR MODELS FOR BWR DYNAMICS 

Simplified Phcnomeoological Models 

Models 
for Basic Phenomena 
(heated channel, loop) 

Simplified 
BWR Models 

(neutron kinetics 
+ TH feedback) 

System Codes 

Codes for Core Dynamics 
(no model or simple models 

for ex-core components) 

Codes for Overall 
Plant Dynamics 

Engineering Specific Codes Genera! Purpose 
Models for BWR Stability System Codes 

Fig. 4-6 - Classification of non-linear models adopted in the stability analysis of BWRs. 

The classification reported above is relevant in relation to code applicability. In fact, 
simplified models adopted for the recirculation system and the BoP in codes for core dynamics may 
be not enough flexible or accurate to be realistically applied in the analysis of some transients. On the 
other hand, engineering plant models and large system codes are practically unsuitable for a detailed 
channel-by-channel core description because of computational limitations, so that the thermal-
hydraulic description of the core must be limited to one or to a small number of channel groups 
which are then coupled with neutronic nodes. This widely adopted procedure has the disadvantage 
that, even if 3D neutronics is adopted, it may "suggest" to the code the kind of spatial oscillation 
pattern to be predicted; this problem is especially felt when trying to discriminate between core-wide 
and out-of-phase oscillations. 

The ideal solution of a very detailed description of both the core and the ex-core components 
is currently possible, and is generally pursued with the most powerful among the codes specifically 
developed for BWR stability. These codes are conceived to provide an optimum performance 
between the needs of computational efficiency and detail of the description, although in applications 
channel grouping is still very often used. However, more complex models are not necessarily more 
accurate; generally, more sophisticate models imply calculated results that are less user dependent. 

b) Numerical aspects 
Various equation models are adopted for thermal-hydraulics and neutronics (see sect. 4.2,1) 
corresponding to different physical detail in the description. 

Space and time discretization of thermal-hydraulic balance equations is made by suitable 
numerical methods (see e.g., refs. [4.30] and [4.68]). Finite difference methods are a common choice, 
in which nodes representing the fluid contained in reactor components are connected each other 
through junctions, describing the related flow paths. The mass and energy balance equations are 
written in nodes, while momentum equations are written at junctions, making use of the staggered 
mesh technique which is acknowledged to improve numerical stability of the calculation. The donor 
cell principle is also used for calculating advection terms in mass and energy equations, assigning to 
the fluid at each junction the properties of the fluid in the upwind region; this principle has the 
fundamental role of assuring the transportive property of the numerical method, strongly affecting its 
numerical stability as well. 
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The type of time discretization adopted for thermal-hydraulic balance equations contributes to 
determine the effect of truncation errors on the calculated results. In fact, numerical methods, also 
depending on the explicit or implicit time discretization, bring about a certain amount of numerical 
dissipation and dispersion (globally referred to as diffusion) (see e.g., ref. [4.69]) which may 
quantitatively and qualitatively change the behaviour of predicted phenomena in comparison with the 
exact solution. In particular, diffusion is responsible for smoothing out sharp propagation fronts in 
the calculated results (see e.g., ref. [4.68]), and for damping of free oscillations as a consequence of 
spurious energy dissipation. The latter phenomenon is particularly relevant for the simulation of 
thermal-hydraulic instabilities, and may lead to calculate stable conditions, whereas unstable ones 
would be expected on the basis of physical models (see e.g., ref. [4.70]). Effects on the calculated 
decay ratio of the hydraulic mesh size adopted in core channels across the boiling boundary have also 
been observed in BWR stability analyses [4.71]. Anyway, decrease in the mesh size is helpful in 
minimizing the unwanted numerical diffusion; moreover, explicit numerical methods are generally 
preferable because they tend to be less diffusive than the corresponding implicit methods. 

In addition to the above described techniques, widely adopted in reactor thermal-hydraulics, 
time domain codes for the analysis of BWR stability adopt methods specially developed in the aim to 
improve computational efficiency or minimize truncation error effects. Integral formulations of 
momentum equations and higher order integration schemes are examples of these techniques. 

Point kinetics ODEs do not pose special problems for integration, which is easily carried out 
by Runge-Kutta or other conventional methods. On the other hand, the definition of overall core 
constants and feedback parameters requires special care (see sect. 4,2.1); in particular, the evaluation 
of neutronic feedback needs to define a proper weighting of coolant density and temperature in the 
various nodes describing core channels and fuel rods to obtain core average values. Uncertainty is 
therefore introduced at this level, in addition to the inaccuracy resulting from neglecting the changes 
in core power distribution. 

Multidimensional space-time diffusion equations for neutron kinetics are generally solved by 
nodal discretization through finite difference methods or ODE system integration. In some cases, in 
order to speed-up the calculations and to achieve a better accuracy, sophisticate numerical techniques 
are adopted to represent the neutron flux space distribution with a limited number of nodes. Coarse-
mesh methods (see e.g., [4.72]), in particular, are based on polynomial expansions of the neutron flux 
as a function of space coordinates within each node and are capable of a detailed description of radial 
and axial core power distribution effects. 

Different strategies are also adopted in advancing in time the ID or 3D reactor power shape. 
Usually, both the multidimensional distribution of neutron flux and the new power level are updated 
at each advancement step, requiring a considerable amount of computation. In some cases, quasi-
static methods are preferred (see e.g., [4.17]), in which the power shape is updated at selected time 
advancements and then kept constant until an appropriate criterion is satisfied. In the mean time, the 
overall power level is made varying at each step according to a point kinetics ordinary differential 
equation. This procedure allows a great reduction of the computational effort required to advance the 
space-time neutron flux distribution still maintaining a reasonable accuracy. 

Various options are used for the geometrical description of the core in 3D neutronic 
calculations. Full core representation or half, quadrant and octant symmetry are some of the 
conventional choices. Of course, the adoption of symmetry to reduce the computational effort results 
in a limited capability to simulate dynamic distribution phenomena in the reactor core. 

Similarly, the way in which neutronics and thermal-hydraulics interact during the calculation 
has an important effect on the capability to simulate multidimensional core dynamics. The above 
mentioned grouping of core channels in thermal-hydraulic regions performed on the basis of some 
similarity in working parameters (i.e., power, flow rate, position in the core, burn-up, etc.) may have a 
strong impact on the results of the calculations, particularly in the case in which out-of-phase 
instability phenomena are considered. 
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Fuel thermal behaviour can be simulated by different approaches, ranging from 
lumped parameter approximations to the heat conduction equation, to detailed finite 
difference description of the regions of fuel, gap and cladding regions, Convective boundary 
conditions are applied at the interface with the coolant, making use of well assessed correlations for 
heat transfer coefficients. 

c) Results from the analysis 
The main objective of the application of non-linear models in the stability analysis of BWRs 

is to provide information on the behaviour of the reactor should an unstable condition occur and to 
assess the effectiveness of countermeasures introduced to mitigate instabilities (cf. sect. 4.1.1). Code 
predictions are provided in the form of time-series of calculated variables, giving a quantitative idea 
of the system behaviour beyond the stability threshold. The great sensitivity of phenomena and the 
random nature of perturbations occurring both in the calculations and in reality leave no hope to 
exactly represent the instantaneous evolution of variables once oscillations started. The PRBS 
technique can be seen as a tool to characterize the system behaviour. However, the interest in the 
simulation is in the prediction of conditions leading to instability and of global oscillation parameters 
as decay ratio, oscillation amplitude and frequency, power distribution patterns, maximum core 
power, etc.. 

This information is readily obtained from the calculated time series. Quantitative examination 
of the trends of power, flow rate, fuel and cladding temperature and other relevant calculated 
variables allows to characterize the predicted plant behaviour in relation to stability and safety. In 
particular, MCPR can be calculated and an eventual boiling transition detected (limitations in the 
current approaches have been discussed in sect. 4.1.2). Timing and duration of an instability and its 
core-wide or out of phase character can be considered. 

In addition to the usual processing and representation of time-dependent variables (e.g„ time 
evolution plots), a variety of techniques are adopted to handle data from transient analyses. The 
theories of linear and non-linear systems offer efficient means to characterize the predicted (as well as 
the experimentally observed) behaviour (see e.g, [4.73], [4.74]). Some of them are summarized 
below. 

• Conversion of time-history data to frequency-domain response 
This objective can be accomplished by fitting the response characteristics by the use of a 

linear dynamic model of an appropriate order (e.g., second order). In this way the system dynamic 
parameters, such as decay ratio and natural frequency, result uniquely defined [4.75]. Another 
possibility is to treat calculated time-trends as measured signals, making use of autoregressive models 
(see Chapter 2) to quantify stability. Examples of conversion from time domain to frequency domain 
can also be found in refs. [1.16], [3.58] and [4.107]. 

• Fourier analysis 
It supplies a direct representation of the main transient features in the frequency domain. 

Periodic; (limit cycle), quasi-periodic and aperiodic behaviour can be easily identified considering the 
shape of power spectra of the code time response. In fact, well recognizable peaks appear in the 
power spectrum of a variable displaying periodic behaviour; multiple peaks are obtained when period 
doubling is experienced as a result of changes in some parameter; finally, continuous spectra are 
observed when incommensurable frequencies characterize the phenomenon (quasi-periodic 
behaviour) or when deterministic chaos is attained, 

• Phase portraits 
This is a very efficient way of displaying results from non-linear stability analyses. Two (or 

three) variables are selected as coordinates in the considered projection of the phase space to 
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represent the trajectory (or flow) of the system during transient evolution. A look to phase portraits 
gives an immediate qualitative idea of periodicity or aperiodicity of the flow. Quantitative 
information about the amplitude of oscillation of the considered variables is also easily obtained. 

• Poincarè maps 
By cutting the flow in the phase space with appropriate surfaces (generally planes) it is 

possible to obtain figures which contain meaningful information about the dynamics of the system. 
Periodic, quasi-periodic and aperiodic behaviour can be discriminated considering the "dimension" of 
the map, calculated according to precise mathematical definitions (see e.g., ref. [4.76]), where a 
fractional (fractal) dimension identifies deterministic chaos. 

• Bifurcation diagrams 
These diagrams schematically report the trend of a dependent variable as a function of one (or 

more) selected parameter. This representation is adopted to easily detect supercritical or subcritical 
bifurcations leading to the appearance or disappearance of attractors (fixed points, stable or unstable 
limit cycles, strange attractors). 

• Calculation of Decay Ratio and/or Lyapunov exponents 
Processing the calculated time trends, it is also possible to quantity margins to stability by 

calculating the Decay Ratio according to one of the several proposed definitions (see e.g., ref. [4.10]). 
The calculation of Lyapunov exponents is a promising alternative in this field (see e.g., refs. [4.77], 
[4.78]), These exponents are all real and negative for stable equilibrium points, but in the case of limit 
cycles one of them is zero. Their value can be therefore taken as a measure ofthe margin to stability. 

4.3 Available Codes 

The present Section is concerned with computer programs adopted to evaluate stability of 
BWRs and other boiling channel systems. Although a continuously growing population of models of 
different complexity has been produced for different applications, the discussion is here restricted to 
the most frequently used "codes", that is those complex programs capable to simulate most of the 
phenomena involved assessing stability of a boiling reactor system. 

In describing them, two classes are considered following a generally adopted classification: 

• frequency domain codes, whose purpose is the linear stability analysis of BWRs or other 
boiling systems; they are based on linearization and Laplace transform of the governing 
equations as described in sect. 4.2.2. 

• time domain codes, which include analysis tools specifically developed to simulate the transient 
behaviour of plant systems; these codes have the capability to deal with the non-linear features 
of BWRs and are based on the simulation techniques described in sect. 4.2.3. 

Table 4-2 lists the considered codes indicating their main capabilities. Four items have been 
reported for each code, including the property/developer and a quick information on models adopted 
for thermal-hydraulics, neutronics and ex-core, which mostly characterize the applicability to real 
plant conditions. 

Then, a short presentation of the main features of each code [4.79] is reported. Summary 
tables are included in Appendix C for each code to briefly report related information. A more 
extended description is included in these tables for the same items listed in Table 4-2; additional 
information on the models for fuel dynamics and heat transfer and on the assessment relevant for 
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BWR stability has been also reported. 
The list of considered codes may be not complete, but it certainly includes the codes whose 

application is most frequently reported in the literature concerning BWR stability. A few of the listed 
codes have been suggested by Contributors to be presented in this Report, since they are being 
developed to be used to this purpose in the next future, although very few relevant applications in the 
field of BWR stability can be presently referenced. Other proposed ones were not included because 
available information on their characteristics was rather poor or their modelling capabilities are not 
enough complete to allow for application to BWR reactors. 

The general typology of considered codes ranges from tools based on simplified models to 
very sophisticate and up-to-date programs. Codes having very sophisticated models for thermal-
hydraulics and a simple point kinetics model can be found in the table; on the other hand, codes with 
3D kinetics coupled with rather simplified thermal-hydraulic models are also included. Anyway, all 
the listed codes can be considered applicable to reactor plant conditions, although with very different 
levels in accuracy and reliability. 

A uniform illustration of the various codes has been tried here and in Appendix C, although 
differences in the detail of the descriptions may be the result of the different degree of availability of 
open information. However, it must be emphasized that information on codes is not reported here and 
anywhere in this Report with the aim to give a judgement on the capabilities qf any single code or to 
compare codes among each other; the relevant purpose of this description is only to identify the 
general level of accuracy presently achieved in predicting BWR stability phenomena. 

4.3.1 Frequency domain codes 

FABLE/BYPSS [4.80] is a proprietary code used by General Electric (GE) which can model 
up to 24 radial thermal hydraulic regions that are coupled to point kinetics to estimate the reactor 
transfer function for the fundamental mode of oscillation. The code has been extensively applied to 
BWR data. FABLE/BYPSS is presently adopted at GE to confirm that new fuel meets NRC 
acceptance criteria. 

HIBLE [4.81, 4.82] has been developed by Hitachi and has the capability to simulate the 
reactor core with a ID three equation slip flow model with allowance for point neutron kinetics and 
fuel dynamics. Concerning the ex-core models, only the recirculation dynamics is modelled. 
Qualification against instability tests and unplanned events has been performed. 

K2 [4.166] has been developed by Toshiba and is based on a ID three equation thermal-
hydraulic model, with allowance for point neutron kinetics and fuel behaviour. Also in this case, only 
the recirculation dynamics is modelled among the ex-core phenomena. Qualification against both 
small scale loop experiments and BWR plant data is reported. 

LAPUR [4.84, 4,85] was developed at the Oak Ridge National Laboratory (ORNL) for the 
US NRC and is currently used by NRC, ORNL, and others. Its current version is LAPUR-5. 
LAPUR's capabilities include both point kinetics and the first subcritical mode of the neutronics for 
out of phase oscillations. Thermal-hydraulics is modelled as up to seven flow channels whose inlet 
flows are coupled dynamically at the upper and lower plena to satisfy the pressure drop boundary 
condition imposed by the recirculation loop. LAPUR's main result is the open- and closed-loop 
reactivity-to-power transfer function from which a decay ratio is estimated. 
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NUFREQ [4.57, 4.62, 4.86, 4.87, 4.88] is in reality a family of codes. The first NUFREQ 
was developed by R.T. Lahey, Jr. (RPI, USA) and G. Yadigaroglu (ETH, Switzerland) at General 
Electric in the early 70s. Followed improved versions of the code set up at RPI, called NUFREQ-N 
and NUFREQ-NP, that calculate reactor transfer functions for the fundamental oscillation mode; the 
main difference between them is the ability to model pressure as an independent variable (NUFREQ-
NP) so that it can reproduce the pressure perturbation tests. G. Yadigaroglu and coworkers developed 
also a drift-flux improved version of NUFREQ, called STEAMFREQ, for assessing stability in solar 
receivers [4.89]. In addition, NUFREQ-NPW is a proprietary version of NUFREQ currently used by 
Asea Brown Boveri (ABB); its main feature is an improved fuel model that allows to simulate mixed 
cores. Finally, NUFREQ-NPT is a version of the code in which Japanese organizations have 
implemented different constitutive models [4.90], 

ODYSY [4.80] is a code developed and used by General Electric on the basis of ODYN 
system transient model. It has 1-D neutronics capability and uses a drift-flux model. It has also the 
possibility to adopt point kinetics modelling higher harmonics. ODYSY has been qualified and 
approved for GE internal evaluation of fuel design. 

STAIF [4.91, 4.156] is a new-generation frequency-domain code developed by Siemens as an 
improved version of ODYSY. STAIF has a ID representation of the core neutronics and can model 
directly the out-of-phase instability mode. It uses a drift-flux representation of the core thermal-
hydraulics and models the whole vessel (to obtain the core-inlet flow feedback). STAIF has been 
reviewed and approved by NRC and North German TÛV for stability calculations. 

STAIF-PK [4.93, 4.94] is a code developed and used by Nuclear Fuel Industries Ltd. (NFI) 
based on the STAIF code of Siemens. STAIF-PK uses point kinetics for analyses of core stability and 
regional stability. It has been qualified against channel stability test data and BWR core stability test 
data from several BWRs, including both core-wide and regional neutron flux oscillations. 

4.3.2 Time domain codes 

ATHLET [4. J 55] is a well known thermal-hydraulic transient analysis code from GRS 
(Germany) generally adopted for the analysis of DBAs and other transients in LWRs. It is the result 
of the coupling between the DRUFAN and FLUT codes, the latter making use of a drift-flux model 
and the second based on a two fluid model. In the field of reactor stability, applications to RBMK 
specific stability tests are reported. 

DYNAS-2 [4.156] has been developed by Nuclear Fuel Industries Ltd, (NFI). The neuronics 
model solves the modified one-group diffusion equation with the six-group delayed neutron equations 
on a coarse-mesh basis with one node for each fuel bundle in the horizontal direction and 24 nodes in 
the axial direction. The time domain models used for channel thermal-hydraulics , fuel rod heat 
conduction and heat transfer, and ex-core recirculation have been consistently developed with those of 
the frequency domain code STAIF-PK. 

DYNOBOSS [4.96, 4.157] is a code developed by the Instituto de Estudos Avancados 
(Brazil) and by Rensselaer Polytechnique Institute (RPI, USA) having the capability to describe 
BWR reactors making use of four drift-flux balance equations (with allowance for subcooled boiling) 
for core thermal-hydraulics and of a point kinetic model for neutromcs. The major vessel components 
have been also simulated. 
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Code Name 
ATHLET 

DYNOBOSS 

DYNAS-2 
EPA 

FABLE/BYPSS 

HDBLE 

K2 

LAPUR-5 

NUFREQ-NP 

ODYSY 
PANTHER 
QUABOX/ 
CUBBOX-HYCA 
RAMONA-3 
RAMONA-4B 
RELAP5/MOD2-3 

RETRAN-3D 
SABRE 
SMUIATE-3K 

SPDA (EUREKA-
RELAP5) 
STAIF 
STAIF-PK 
STANDY 

TOSDYN-2 
TRAB 

TRACG 

TRACBF1 

Type | Property/Developer 
TD 

TD 

TD 
TD 

FD 

FD 

FD 

FD 

FD 

FD 
TD 
TD 

TD 

TD 

TD 
TD 
TD 

TD 

FD 
FD 
TD 

TD 
TD 

TD 

TD 

GRS (Germany) 

IEA (Brazil), 
RPI (USA) 
NFI Ltd (Japan) 
BNL,NRC(USA) 

General Electric, USA 

Hitachi (Japan) 

Toshiba, (Japan) 

ORNL, NRC (USA) 

RPI (USA) 

General Electric (USA) 
Nuclear Electric (UK) 
GRS (Germany) 

NRC,BNL(USA) 
ScandPowerN) 
INEL.NRC(USA) 

EPRI(USA) 
PP&L(USA) 
Studsvik (S, USA) 

JINS (Japan) 

Siemens (Germany) 
NFÏ Ltd (Japan) 
TEPCo, Toshiba, 
Hitachi 
Toshiba (Japan) 
VTT (Finland) 

General Electric (USA) 

INEL(USA) 

Thermaf-hydraulics 
1DD-FNE 

lDD-FEQ + SB(4eqs.) 

IDD-FNE(5eqs.) 
lDD-FNE(4eqs.) 

IDslipEQ + SB 

ID slip EQ (3 eqs.) 

lDD-FEQ + SB(3eqs.) 

IDslipEQ + SB 

lDD-FEQ + SB(3-4eqs.) 

lDD-FNE(5eqs.) 
1DD-FEQ + SB 
1DD-F 

lDD-FNE(4eqs.) 

ID two-fluid (6 eqs.) 

ID slip EQ (5 eqs.) 
ID slip EQ (3 eqs.) 
ID EQ (3 eqs.) 

ID two-fluid PNE (5 eqs.) 

lDD-FNE(5eqs.) 
lDD-FNE(5eqs.) 
lDD-F+SB(3eqs. ) 

lDD-FNE(5eqs.) 
ÎDD-F(4eqs.) 

ID and 3D two-fluids 
(6 eqs. for ID) 
ID and 3D two-fluids 
(6 eqs. for ID) 

Neuronics 
Pk. 

Pk. 

3D 
Pk. 

Pk. 

Pk. 

Pk. 

Pk. 

Pk. ID, 3D 

ID 
3D 
3D 

3D 

Pk. 

ID 
Pk. 
3D 

3D 

ID 
Pk. 
3D 

3D 
1D + RSF 

3D 

ID 

Ex-core Systems 
1D T-H (vessel and 
BoP) + SM 
Vessel modelling 

Vessel modelling 
Vessel and BoP 
modelling 
Gain and-phase lags 
from recirculation 
Recirculation loop 
momentum balance 
Recirculation loop 
momentum balance 
Recirculation loop 
momentum balance 
Vessel component 
modelling 
SM 
(inf. not available) 
Coupling with 
ATHLET 
ID T-H in vessel + 
BoP models 
ID T-H (vessel and 
B o P H S M 
1DT-H + SM 
Vessel modelling 
Coupling with 
external SM (TSI, 
J) 
ID T-H (vessel and 
BoP) + SM 
Vessel modelling 
Vessel modelling 
Vessel modelling 

Vessel modelling 
ID T-H (vessel and 
BoP) 
ID T-H (vessel and 
BoP) + SM 
ID T-H (vessel and 
BoP) + SM 

TD = Time Domain FD - Frequency Domain 
D-F = Drift-Flux EQ = Thermal equilibrium 
NE = Thermal non-equilibrium SB - Subcooled Boiling model 
PNE - Partial Thermal Non-Equilibrium SM = Specific Models 
RSF = Radial Space Function Pk. = Point kinetics 

Tab. 4-2 - Considered codes for BWR stability analyses 
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EPA [4.98,4.99,4.100] stands for Engineering Plant Analyzer (see also ref. [1.16]), and it is 
a combination of software and hardware that allows for real time simulation of BWR, including most 
of the balance of plant. It also has models for complete control system and containment. The code 
uses integral method not only for momentum but also for overall mass and energy balances and runs 
four time faster than real time. EPA was developed by NRC and is located in BNL. EPA's software 
for BWR stability simulations is named HIPA, and \t models point kinetics with mainly an average 
thermal hydraulic region (a hot channel is also modelled but it does not provide significant feedback 
to affect the global results). HIPA uses modelling methods similar to those of RAMONA-3B (see 
below) and, in particular, it uses the integral momentum approach to speed up the thermal hydraulics 
calculation. An interesting feature of HIPA is the ability to use time dependent axial power shapes to 
compute the reactivity feedback; the nodal power shape is varied according to the local void fraction 
as a function of time based on some polynomial fits that are input to HIPA. HIPA runs on a 
specialized parallel hardware platform but also on general purpose computers such as IBM 6000 and 
VAX; it achieves maximum speed in AD100. 

PANTHER [4.159 and 4.160] is a code developed by Nuclear Electric (UK) for 3D neutronic 
studies in different reactor plants (PWR, BWR, WWER, RBMK, AGR and MAGNOX). The range 
of application is mainly related to fuel management, core follow and transient analyses. Presently the 
code is under development by coupling with VIPRE-02 code (property of EPRI) and this will provide 
an extended capability for BWR stability analysis. 

QUABOX/CUBBOX-HYCA [4.72,4.102,4.155 and 4.168] is a code from GRS (Germany), 
based on a 3D coarse-mesh diffusion model, which has been coupled with thermal-hydraulic channel 
and fuel heat conduction models. The code has been recently applied to the OECD-BWR Transient 
Benchmark. 

RAMONA [4.104] is the name of a code originally developed at the Institute for Energy 
Technology at Kjeller, Norway, whose rights were later on transferred to ScandPower. US NRC had 
then a licence to the code and installed it at Brookhaven National Laboratory (BNL) in the frame of a 
joint development program with ScandPower leading to RAMONA-3B Version 0 in 1985. Sincethat 
time on, the program development has been separate at the two organizations. 

RAMONA-3B [4.103, 4.105, 4.106, 4.107, 4.108, 4.109] is currently used by BNL, 
ScandPower, and ABB. It has a full 3D neutron kinetics model that is capable of coupling to the 
channel thermal hydraulics in a one-to-one basis. Typically, in time-domain codes, the thermal 
hydraulic solution is orders of magnitude more expensive (in CPU time) than the neutronics; because 
of this expense, the thermal hydraulic channels are often averaged into regions to reduce computation 
time. RAMONA-3B uses an integral momentum solution that reduces significantly the 
computational time, and it allows for the use of as many computational channels as channel are in the 
core. 

ScandPower's version of RAMONA (referred to as RAMONA-3) [4.110, 4.111] is a 
proprietary version and it is different from the original, including a number of upgrades. This version 
of RAMONA has been benchmarked extensively against both in-phase and out-of-phase instability 
events. Some of the benchmarks have been "blind" where the RAMONA calculations were performed 
before the tests were actually conducted. 

RAM0NA-4B [4.112, 4.113 and 4.158] is a BNL upgrade of RAMONA-3B with extensive 
modifications programmed by BNL over the years. BNL has also been working recently in 
RAMONA upgrades to handle low-pressure transients and other special characteristics required for 
SBWR calculations. 

RELAP5 [4.114, 4.115, 4.116] is the latest product of a well known family of codes for the 
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thermal-hydraulic analysis of nuclear power plants. Although it was not specifically developed for 
BWR stability calculations, the sophisticate models adopted for ID two-phase flow and the level of 
detail which can be obtained in the geometrical simulation of plants make it suitable for the analysis 
of the oscillatory behaviour of boiling systems. In some cases, the code has been coupled with 3D 
neutronic models for improving the capability in simulating space power distribution in cores. 
RELAP5/MOD2 and MOD3 are the latest versions of the code. 

RETRAN [4.117 and 4.161] is a time domain transient code developed by the Electric Power 
Research Institute (EPRI). It is a continuously developed program which has been applied to various 
reactors for licensing and safety analyses. Applications to stability analyses have been also reported 
[4.75, 4.118] together with modelling improvements aimed at reducing numerical diffusion in 
stability analyses [4.119]. RETRAN is a relatively fast-running code due to the fact that it models a 
single radial thermal hydraulic region and uses the so-called three equation approximation (i.e, it 
assumes equilibrium between phases). A 3D version of the code has recently set-up. 

SABRE [4.120 and 4.162] is a time domain code developed and used by Pennsylvania Power 
and Light for transient analyses that include BWR instabilities. SABRE uses point kinetics for the 
neutronics and a single thermal hydraulic region. SABRE has been upgraded recently by PP&L to 
model more accurately anticipated transients without scram with large power oscillations. The 
upgrade was mostly related to the reverse-flow models, which are very important for these transients 
in the lower plenum, 

SIMULATE-3K [4.121] is the transient version of Studsvik's advanced nodal reactor code. It 
has been under development for three years and, in 1995, had its second commercial release (Version 
2.0). Tliree steps were planned in its development: 1) implementation of the transient version of the 
QPANDA advanced nodal method and of a two-equation thermal-hydraulic model (Version 1.0); 2) 
improvements in thermal-hydraulic modelling (3 equation model) and addition of several engineering 
features (Version 2.0); 3) additional thermal-hydraulic models and simple (ODE) plant system 
models. 

SPDA (now called EUREKA-RELAP5) [4.122] is a combination of EUREKA/SPACE for 
3D neutron kinetics and RELAP5/MOD1 for ID, multichannel, two-phase flow thermal-hydraulics; 
with each code being revised and used by the Institute of Nuclear Safety, Japan. The two modules can 
be also activated separately to calculate purely 3D neutronic problems with simplified thermal-
hydrauliics or purely thermal-hydraulic problems with eventually point kinetic power evaluation. 

STANDY [4.123, 4.124, 4.125, 4.128 and 4.163] is a code developed in a joint effort by 
Tokyo Electric Power Co. and Hitachi Ltd. Two versions have been set up: a coupled multiregion 
version and a full 3D one. The latter includes 3D neutron kinetics and parallel channel flow across at 
most 20 thermal hydraulic regions. 

TOSDYN-2 [4.126, 4.127, 4.83 and 4.164] is a computer program developed by Toshiba, 
mainly for the use of analyzing the spatial effect on BWR stability. Three-dimensional neutronics and 
parallel channel thermal-hydraulics are included. The time domain model of the overall BWR system, 
including the models of ex-core components and recirculation and control systems is the same as that 
used in the BWR design code; so TOSDYN-2 can be used also for analyses of transients not related 
to stability. 

TRAB [4.129, 4.130, 4.131 and 4.165] is a ID neutronics code with an average thermal 
hydraulic region. It was developed and used in the Finnish Center for Radiation and Nuclear Safety. It 
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has been benchmarked against RAMONA-3B calculations and a stability event in the TVO-I plant. A 
3D version of TRAB is under development; also a new thermal-hydraulic model is going to be 
implemented into the code at the same time. This new thermal-hydraulic model is based on the 
method of characteristics. 

TRAC [4.7, 4.132, 4.133, 4.134, 4.135, 4.164 and 4.165] is a well known transient analysis 
system code. It has two versions currently used in BWR stability analysis. TRAC-BF1 is the open 
version used mostly by Idaho National Engineering Laboratory (INEL) and Pennsylvania State 
University; TRACG is developed mainly by GE and Toshiba and currently owned by GÊ, Toshiba 
and Hitachi. TRAC-BF1 has one dimensional neutron kinetics capabilities (as well as point kinetics). 
TRACG has full 3D neutron kinetics capability (as well as ID and point kinetics), and GE has 
incorporated most of their proprietary correlations. The numerics in TRACG have also been 
improved with respect to those in TRAC-BF1 to reduce the impact of numerical diffusion and 
integration errors. Pennsylvania State University has been working recently in a TRAC-BF1 upgrade 
to 3-D neutronics. 

4.4 Present Capabilities of Codes 

In the present section the capabilities of available system codes and models for BWR stability 
are discussed. In particular, in sects. 4.4.1 and 4.4.2 the ability of models in describing both 
qualitatively and quantitatively the stability phenomena is addressed. In sect. 4.4.3 consistency of 
related validation programs are discussed and in sect. 4.4.4 the capability of codes to be applied to 
real plant conditions is evaluated. 

4.4.1 Qualitative prediction of phenomena 

The discussion is here focused on the reliability of available models in predicting the 
qualitative behaviour of BWRs during unstable conditions. This objective is pursued reviewing the 
applications of models and codes in the prediction of the relevant phenomena discussed in sect. 4.1,1. 

4.4.1.1 Single-channel density wave instability 

Linear analyses of density wave oscillations (DWOs), based on techniques similar to those 
described in sect. 4.2.2, are capable to identify in the Npch-Nsub plane the marginal stability 
boundaries for density-wave and Ledinegg instabilities. This has been shown in Figure 4-1, where 
DQ, D\ and D2 indicate the regions where the system transfer function has 0, 1, or 2 poles with 
positive real part. This representation of the results of linear stability analyses, based on the D-
partition method (already mentioned at § 4.2.2), allows to quickly identify the character of 
instabilities occurring when the system parameters cross the borderline of DQ domain, resulting in an 
excursive instability when domain D\ is entered (due to the appearance of one positive real root) and 
in an oscillatory instability when D2 is entered (due to the appearance of two complex conjugate roots 
with positive real part). 

Adoption of nonlinear models for autonomous and non-autonomous (i.e. without or with 
external forcing) boiling channels is able to show a variety of responses to initial perturbations in 
different operating conditions along the static pressure drop characteristic curve obtained for variable 
external Àp and constant heat input and inlet subcooling [4.167], As shown in Figure 4-7, not only 
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the kind of instability (either excursive or oscillatory) can be predicted but also the basin of attraction 
of the various attractors (e.g. of a stable limit cycle or of a fixed point) is identified in the autonomous 
case; in particular, the ranges of parameters in which density waves or pressure drop oscillations 
occur can be identified. Application of the same non-linear model to the non-autonomous case, with a 
sinusoidal oscillation of the imposed pressure drop shows all the range of interesting phenomena 
characterizing the transition to chaos; in particular, Figure 4-8 summarizes the long term trajectories 
in a 3D phase space obtained by forcing an unstable boiling channel (i.e., within the D2 region) with 
different forcing frequencies. The sequence of phenomena leading from periodic instabilities (limit 
cycles) to deterministic chaos in unstable boiling channels is made also evident by other studies. For 
instance. Figures 4-9 and 4-10 from ref. [4.66] illustrate the characteristics of a chaotic attractor 
attained by varying the phase change number. 

As a consequence, it can be concluded that models are capable to reveal an interesting variety 
of phenomena in the evolution of boiling channels during density-wave oscillations. Comparison of 
the above reported information from models with experimental data provided in various works (e.g. 
refs. [4.136] to [4.138]) already discussed in Chapter 3, also shows that available techniques are 
capable to provide understanding of the physical mechanisms involved in density wave oscillations, 
hi particular, the threshold for instability is correctly located in parameter space and the presence of 
limit cycles due to density waves or flow excursions due to pressure drop oscillations can be 
predicted. Application to out-of-pile experiments on dmsity wave oscillations (see Chapter 3) has 
supplied further confidence in the capability of models in predicting the stability margin of fuel 
channels. This is particularly true for frequency domain codes which were successfully validated 
against these experiments (see e.g. refs. [4,63], [4.57], [4.62]). It must be also emphasized that, as 
mentioned in Section 4.3, proprietary frequency domain codes are currently adopted to demonstrate 
the acceptability of new fuel design. 

Although in the above the capabilities in predicting DWO have been discussed only for linear 
models in the frequency domain and transient nonlinear models based on the numerical solution of 
ODEs or integro-differential equations, also nonlinear models based on discretization of PDEs have 
shown similar capabilities in predicting density wave phenomena. However, in this case spurious 
numerical effects, generally referred to as numerical diffusion, may result in the prediction of a 
greater stability than due. 

As previously mentioned (Section 4.2), this is the result of the truncation error introduced by 
replacing partial derivatives in the original thermal-hydraulic balance equations with finite differences 
in order to transform PDEs into algebraic equations. Truncation errors result in the appearance of 
higher order derivatives in the actually solved equations giving rise to dissipative and dispersive 
effects. As a consequence, unless very low diffusion numerical methods are used (see e.g. ref. 
[4.119]), caution must be paid to the results concerning DWOs provided by transient codes based on 
explicit, semi-implicit or fully implicit numerical methods, when adopted with insufficient detail in 
channel! noding. In general, 24 nodes are used in most finite difference codes for describing the 12 ft 
long core channels for BWR stability applications, giving a reasonable representation of core 
dynamic behaviour. It is also well known, that implicit numerical methods tend to be more diffusive 
than explicit ones, giving a preference to the use of the latter with respect to the former algorithms. 

Anyway, when using finite difference thermal-hydraulic codes for BWR stability, sensitivity 
analyses should be made concerning the effect of core noding on the calculated results, for instance 
checking the differences in calculated decay ratios with a doubled number of core nodes to assess the 
effect of numerical diffusion. Examples of assessment of the effect of numerical diffusion in the 
prediction of BWR instabilities can be found in literature, for instance, in the already mentioned ref. 
[4,99]. hi this work, the results provided by the EPA in the prediction of LaSalle-2 incident were 
critically discussed estimating the effect on the calculated power peaks. An additional example is 
given in Figure 4-11, showing the effect of core noding and time step on predicted core density-wave 
oscillations [4.96]; when using explicit or semi-implicit numerical methods, both the decrease in node 
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Fig. 4-7- Phase portraits illustrating the response of a boiling channel to an initial 

perturbation around different operating points (v - dimensionless inlet velocity; 
X = axial location of the boiling boundary) Ref. [4.167], 

size and the increase in time step have the effect to decrease numerical diffusion, leading to higher 
predicted decay ratios. 

Other problems related to code numerics, still concern nodal discretization, ref. [4.71] 
discusses the results of an application of the RETRAN code to BWR stability as a function of the 
position of the boiling boundary within a node. It was found that, according to the initial location of 
this boundary the calculated decay ratio could be considerably different and, once again, decrease of 
node size could provide greater confidence in the predictions. 
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Fig. 4-8 - Asymptotic trajectories in the phase space of the forced oscillations of an unstable 
boiling channel for different frequencies of a sinusoidal forcing Apex. a) period-6 
limit cycle for ©f = 4.5; b) quasi-periodic behaviour at « f « 11.636; c) aperiodic 
behaviour for <of -1.2), Réf. [4.2Q]. 

Numerical problems related to the discretization of thermal-hydraulic balance equations are 
well known and have been also the subject of numerical benchmark exercises proposed in an 
international frame. Research in this field is ongoing to improve reliability of predictions and code 
robustness. 
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Fig. 4-9 - Characteristics of a strange attractor during density wave oscillations in a boiling 
channel, Réf. [4.66]. 

In closing the discussion concerning the capabilities of models in predicting the behaviour of 
single channels under DWOs, it must be recalled the contribution given by models to the 
understanding of the physical reasons for instability occurrence in boiling channels. Most of the 
considerations reported in sects. 2.3.2.2 and 2.3.3, rephrasing classical explanations for the 
mechanisms at the basis of density waves [4.11, 4.139, 4.140] have been drawn or confirmed by 
model analysis. In particular, the considerations related to the effect of different operating parameters 
on stability have been generally derived by model application. This is, for instance, the case of the 
alternative to the classical explanation of density wave mechanism proposed by Rizwan-uddin in the 
mentioned recent paper on the physics of the phenomenon [4.141], which was obtained analyzing the 
results of a nonlinear model of a boiling channel (see Chapter 2). 
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4.4.1.2 Multi-channel system thermal-hydraulic instabilities 

In sect. 4.2.2 the main features of basic models for describing the linear behaviour of multi
channel systems under density wave oscillations were shortly described. Linear stability analysis is 
able to show very interesting peculiarities of the dynamics of multi-channel systems, which can be 
used to understand the behaviour observed in large cores. 

For instance, the application of linear stability analysis [4.5, 4.60, 4.61], performed with the 
assumption of imposed overall flow rate through the multi-channel system, leads to conclusions 
which are briefly summarized below: 
• when an unstable channel is coupled with an increasing number of equal stable channels, the 

characteristic equation of the multichannel system tends to the one of the unstable channel (i.e., 
the system unstable for channel-to-channel oscillations),* 

• on the contrary, if a stable channel is coupled with an increasing number of equal unstable 
channels, the characteristic equation of the multichannel system tends to the one of the stable 
channel (i.e. the system is stable for channel-to-channel oscillations); 

• a system consisting of a stable channel and an unstable channel may be stable or unstable 
depending on the particular characteristics of the two channels. 

These conclusions are a direct consequence of the general form that the characteristic 
equation, i.e. the complex relationship defining the linear stability behaviour of a linear system, 
assumes for a multi-channel array. Other interesting conclusions can be reached by the same 
reasoning about the stabilizing effects of bypass channels and core inlet orificing. 

Experiments on simple multi-channel systems have provided data which can be qualitatively 
compared with model predictions (see also Chapt. 3). For instance, experimental investigations of 
density-wave in a system of two channels connected by plena with uniform heating [4.138] led to the 
conclusions that increases in total flow rate and overall system pressure drop result in improved 
stability, while differences in the individual heat input to the channels decrease stability. A review of 
other experimental data [4.18] points out the observed effect of bypass channels and the channel-to-
channel oscillation patterns in system of two or three channels with imposed flow rate, reporting out-
of-phase oscillations in the former case and oscillations with a mutual phase shift of 120° in the latter. 

It must be emphasized that in discussing the stability of multi-channel systems in relation to 
BWR core stability, a key role is played by the constraint of equal ÀP across the channels, as 
resulting from the connection to large plena. In fact, it is mainly the inlet and outlet pressure coupling 
that determines the effect of single channel stability on the overall multi-channel behaviour. 

This is discussed by March-Leuba [4.4] through applications of the LAPUR code to typical 
BWR core conditions, arguing that the inlet flow feedback, resulting from the equal pressure drop 
constraint, is more heavily affected by the radial power distribution than by reactivity effects. In 
particular, due to this constraint the higher oscillations in void fraction occurring inside high power 
channels, with respect to lower power ones, result in greater flow oscillations because of the effect of 
void fraction on channel pressure drop. As a result, if starting from a BWR with flat radial power 
distribution we decrease the linear power in a number of its channels, while keeping it constant in the 
others, we may end up to a configuration less stable than at the beginning. 

On the basis of the above conclusions, some considerations must be made on the reliability of 
code predictions in relation to multi-channel system instabilities: 

• simulation of the actual boundary conditions imposed to the system is of overwhelming 
importance; non-uniformity in the distribution of fluid pressure, temperature and flow in the 
lower plenum may affect the stability behaviour of the channels; 

• the adoption of thermal-hydraulic regions, grouping actual channels into few large macro-
channels, as it is often made for decreasing the computational effort, is likely to heavily influence 
the results; in the mentioned work by March-Leuba, considerably different decay ratios were 
calculated by using different channel grouping; in particular, it is remarkable that coarse radial 

4/38 
SOAR ON BWRS - CHAPT. 4 

156 



discretizations are not conservative, since they lead to underpredict the decay ratio because of the 
previously described reasons. 

In similarity with the case of single-channel stability, also for multi-channel systems the 
application of transient analysis codes based on numerical integration of thermal-hydraulic balance 
PDEs may be prone to the effects of truncation error (dispersion and diffusion), hi this respect, 
frequency domain analyses are better suited to identify stability margins, while nonlinear transient 
models have the mentioned advantage to describe the system behaviour even beyond the stability 
threshold. 

4.4.1.3 Loop instabilities 

The recirculation loop and the Balance of Plant (BoP) may have a strong effect on the core 
stability behaviour. Neglect of these aspects strongly limits the applicability of a code for BWR 
stability analyses. 

Simulation of the recirculation loop is necessary to define the actual boundary conditions 
imposed to the core. In particular, the above mentioned constraint of equal pressure drop across the 
channel with constant inlet enthalpy and overall flow rate is the simplest example of realistic 
boundary conditions to be imposed to core channels. Anyway, this is a rather poor representation of 
the actual situation, which involves separation of recirculation water from steam and mixing in the 
upper downcomer, momentum dynamics in the downcomer, pump (eventually jet-pump and external 
loop) behaviour. Therefore, most codes are equipped with models describing with different detail the 
whole dynamics inside the vessel. 

Vessel dynamics is particularly relevant in determining the thermal-hydraulic feedback which 
interacts with the neutronic aspects in the definition of the core oscillation pattern. According to a 
widely accepted explanation [4.6], the occurrence of out-of-phase oscillation patterns critically 
depends on the lower penalty paid in terms of frictional pressure drops in the recirculation loop by 
this oscillation mechanisms with respect to core-wide oscillations. In fact, the former unlike the latter 
virtually involves.no net core flow oscillation, i.e. no variation of loop pressure drop. As a 
consequence, while the fundamental harmonic mode is favoured from the neutronic point of view, 
being assigned a non-negative eigenvalue, the higher harmonic modes are favoured by the thermal-
hydraulic feedback; the combination of these two effects decides the character of core oscillations. 

Other aspects requiring a careful simulation of the vessel components are related to feedwater 
mixing and natural circulation. In fact, uncovery of the feed water spargers due to downcomer level 
decrease may lead to vapour condensation and feed water heat up; this, in turn, results in a decrease in 
inlet core subcooling which is worthwhile to be accounted for [4.99]. Moreover, simulation of natural 
circulation conditions as resulting from pump trip events critically depends on the description of the 
whole vessel, with particular reference to the aspects related to buoyancy and friction. 

The BoP and the plant control system affect the stability behaviour of BWRs through their 
effect on core boundary conditions. In particular, the systems controlling feedwater flow and 
temperature and steam line flow are capable to qualitatively and quantitatively change the transient 
system behaviour during an instability. This has been clearly pointed out by BNL in the analyses by 
EPA of the LaSalle-2 incident with postulated scram failure [4.53, 4.99], showing that imposing a 
prescribed feedwater flow evolution leads to a considerably lower peak power than in the case of 
proper simulation of the feedback from the reactor level control system. 

As previously mentioned, most codes for BWR stability analyses include means to simulate 
recirculation dynamics. The detail and accuracy of adopted models is different, but it can be stated 
that the present level of knowledge of plant behaviour and the available computational techniques 
allow to set up satisfactory models of vessel components both in the frequency domain and in the 
time domain. Although the situation is similar for BoP components, it must be recognized that 
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consideration of BoP behaviour in BWR stability analyses is less frequent, probably because of the 
assumption that it plays a minor role in most of the addressed plant conditions, or due to the facts that 
codes do not have dynamic models or that it is computationally expensive to introduce BoP. The 
importance of including BoP in stability calculations is shown, for example, in ref. [4.99]. 

4.4.1.4 Neutronic feedback effects 

Neutron kinetics considerably affects the dynamics of a reactor core mainly due to the link 
between fission power production and void generation in the channels. As a consequence, the basic 
instability mechanism of density waves in a multichannel system, with the appropriate boundary 
conditions coming from ex-core hardware, is made even more complex by an additional feedback 
effect. 

In the frequency domain, perturbing and Laplace transforming the neutron kinetics equations 
allow to easily include the fission power dynamics into the linear model for BWR stability [4.1]. If 
also a model for fuel dynamics is added, a typical closed loop transfer function between external 
reactivity and power perturbations is reached. Figure 4-12 reports a Bode diagram of both gain and 
phase, showing a large peak due to void reactivity feedback, and the related root locus, describing the 
traces of poles and zeros as a function of an overall gain of the feedback loop. It can be noted that a 
pair of complex poles shows a positive real part for some critical value of the feedback gain, leading 
to oscillatory instability. Since the complex poles are related to channel thermal-hydraulics effects, it 
can be noted that the triggering mechanism for BWR core instability is concerned with density wave 
oscillations, i.e with a purely thermalhydraulic phenomena. 
Further investigation in the frequency domain allows to draw some relevant conclusions [4.1]: 
• the relative importance of void feedback is much greater than that due to Doppler effect, which 

plays a minor role in the linear domain, being more important for nonlinear large amplitude 
oscillation (see below); 

• the contribution to void reactivity feedback from the higher power channels is greater with 
respect to lower power channels; this is a consequence of the greater importance of high neutron 
flux regions and of the greater void fraction variations in high power channels; 

• the already described mechanism of thermal-hydraulic interaction between high and low power 
channels leading to instability (see 4.4.1.2), couples with neutronics and also with recirculation 
loop characteristics in determining the stability behaviour in the core. 

Inclusion of nuclear reactor kinetics into the BWR model results in the addition of further 
nonlinearities (e,g., the product p-n, in point kinetics formalism) with respect to the ones already 
present in thermal-hydraulic balance equations (the advection and the constitutive terms). Application 
of reduced order nonlinear BWR models provides information about the general trend of main reactor 
variables beyond the stability limit [4.1,4.2]: 
• sinusoidal variations of total reactivity (with zero mean value) lead to power oscillations with 

increasing mean value and amplitude; therefore, in order to sustain a stable limit cycle it is 
necessary that the system develops a negative bias reactivity; 

• this negative bias reactivity is provided by nonlinearity of the kinetic equations through a transfer 
of power between oscillation modes that are no more orthogonal in the nonlinear range; this 
allows for stabilization of average reactor power during the limit cycle; 

• during the limit cycle the Doppler effect plays a stabilizing role; in fact, although in similarity with 
void feedback it contributes to increase the feedback gain, it is almost in phase with power 
oscillations; 

• for larger values of the feedback gain, period doubling bifurcations occur for values of the 
parameter in agreement with Feigenbaum universality theory [4.142], finally leading to aperiodic 
behaviour. 
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function in a BWR, Ref. [4.1]. 
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The phenomenological description given above mostly relates to core-wide oscillations, 
neglecting the effects of nonuniform spatial power distribution. The presence of a buckling and of 
nonuniform fuel composition and burn-up in a reactor core has, in fact, some consequences which are 
relevant for stability: 
• core channels linked by the equal pressure drop constraint may have strongly different linear 

power; as previously discussed, this results in a lower stability of the whole core; 
• as the overall reactor reactivity is a (square flux) weighted average of local reactivity 

contributions, higher power regions are likely to affect stability more than lower power ones; in 
particular, hot channels result in a well known destabilizing effect; 

• if the overall buckling is not too large (large cores), the probability of occurrence of regional 
oscillations may be high; in particular, if the thermal-hydraulic feedback is enough favourable 
subcritical harmonic modes may predominate. 

The last of the above items has been already addressed discussing the effect of recirculation 
loop, on the character of core oscillations (sect. 4.4.1.3). It is anyway worthwhile to recall that 
harmonic modes are an orthogonal and complete SQt of eigenfunctions of the diffusion differential 
operator when applied within a given reactor domain with appropriate boundary conditions. 
Orthogonality and completeness of the set assures that any possible transient evolution of neutron 
flux may be represented as a linear combination of these eigenfunctions (having eventually an infinite 
number of terms) with appropriate time dependent coefficients. During steady-state, the reactor is 
stabilized on the first of these eigenfunctions (the lower order one), any other mode being subjected to 
a faster decay. In fact, the time dependent coefficients are nothing but exponentials of time multiplied 
by an eigenvalue which is increasingly smaller (taken with its sign) with increasing the order of the 
harmonic mode. 

The higher order modes, being subcritical (i.e„ having a faster decay) when the reactor is at 
criticaliry on its fundamental mode, must be excited by external perturbations to come into play. 
Xenon production and burning dynamics provide a slow mechanism for regional oscillations, exciting 
subharmonic modes. Density-wave oscillations excite at least the axial subcritical harmonics, due to 
the void waves travelling through the channel. Excitation of higher order radial and azimuthal modes 
may be obtained by thermal-hydraulic channel-to-channel oscillation mechanisms. 

Experimental observation of out-of-phase oscillations has been carried on for more than ten 
years (see Chapters 2 and 6) and a lot of information has been provided to be processed by computer 
models. The fact that out-of-phase oscillations have been actually observed during tests and incidents 
can be considered as a general confirmation that the techniques adopted to simulate reactor behaviour 
are soundly based on the physics; harmonic modes are not just the result of a mathematical recipe to 
find solution to otherwise too complicate PDEs, but are a reality of engineering concern. 

Success in predicting the character of core oscillations (core-wide or out-of-phase) is therefore 
conditioned to the ability in representing harmonic modes and the related feedback gain coming from 
thermal-hydraulics. Calculation of harmonic modes and their subcriticality for systems other than a 
simple geometry bare and homogeneous reactor is a rather complicated matter, which has been 
anyway dealt with by appropriate techniques (see e.g. refs. [4.143] and [4.144]). Some of the models 
adopted for BWR stability analyses include provisions for calculating harmonic modes, which range 
from techniques based on point kinetics supplemented by harmonic mode considerations to full 3D 
detailed representation of the core. The latter must be considered as the most complete and reliable of 
the available techniques, which is in principle capable to account for local details of power 
distribution and reactor composition. Anyway, to fully profit of the accurate representation of 
neutronics, a similar level of detail should be used also for channel thermal-hydraulics. 

This is particularly difficult because of the computationally expensive character of thermal-
hydraulic analyses, which compels to make use of coarser thermal-hydraulic discretizations than due. 
The effect of channel grouping on the ability to predict channel-to-channel instabilities has been 
already discussed (sect. 4.4.1.2). Here it is pointed out that the success reported in predicting out-of-
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phase oscillations is found sometimes to be conditioned by the particular grouping adopted for core 
channels. In fact, when subdivision into thermal-hydraulic regions is performed bearing in mind the 
expected result, the answer of the model is likely to be "suggested" by artificially changing the actual 
system dynamics. On the contrary, if insufficient detail is included in thermal-hydraulic discretization, 
possible spatial evolutions can be made impossible or unlikely to simulate. 

The obvious conclusion is that the goal to be pursued in BWR stability analyses aiming at 
discriminating between the various modes of oscillation is to describe both neutronics and thermal-
hydraulics at a same, very high level of detail. 

Figures 4-13 and 4-14 report information about the capability of models in predicting out-of-
phase oscillations. In particular, in Figure 4-13 the time trends of the magnitude of the fundamental 
and of the first subcritical modes in analyses of LaSalle-2 and Leibstadt oscillations (ref. [4.17]). It 
can be noted that in the former case the fundamental mode has large oscillations, while the amplitude 
of the first subcritical mode is almost zero in agreement with the observed core-wide nature of 
oscillations; on the contrary, in the latter case the first subcritical mode shows the largest oscillation 
amplitudes, in agreement with the observation of out-of-phase neutron flux oscillations. Figure 4-14 
reports the response calculated by analyzing Caorso out-of-phase oscillations for five LPRM located 
roughly along a core diameter (ref. [4.127]), It is interesting to note that the above results have been 
obtained with different thermal-hydraulic channel groupings which preserve axial symmetry (for core-
wide oscillations) or diametral symmetry (for out-of-phase oscillations). 

Theoretical studies have also provided knowledge of the parameters which favour either type 
of core oscillations (see e.g., ref. [4.140]). In particular, it was seen that a high average void fraction 
is destabilizing because it increases the neutronic feedback; axially and radially skewed power 
distributions also tend to destabilize the core; the effect of inlet subcooling is controversial, 
depending on the particular operating condition; increase in gap conductance is reported as 
destabilizing since it decreases the effect of filtering power oscillations; void velocity, affecting the 
delays due density wave propagation, is destabilizing when decreases. On the other hand, low 
geometrical buckling (i.e. large cores) are relatively more prone to out-of-phase oscillations, because 
subcriticality of harmonic modes increases with this parameter; similarly, high fission cross sections, 
high overall pressure drops and low single phase friction favour regional oscillations. As already 
mentioned, the high pressure drops along the recirculation loop also favour out-of-phase oscillations. 

4.4.1.5 Summary 

The above discussion of qualitative capabilities in predicting BWR stability has shown that 
available models cover the whole range of phenomena observed in power reactors and experimental 
loops. This means that they are able to provide physical understanding of the evolution of meaningful 
quantities describing the transient behaviour of unstable boiling systems. It can be observed that the 
range of phenomena shown by models includes but it is even wider and denser than the one observed 
in experiments and reactor occurrences. 

In particular, the range of phenomena predicted by models is wider in connection with the 
extreme consequences of nonlinearities, e.g. the quasiperiodic or the aperiodic behaviour. 
Experimental work in this field of great scientific and technical interest is confirming model 
predictions in relation to simple basic phenomena (ref. [4,145]). Concerning whole reactor behaviour, 
it should be clearly stated that the predicted transition to period doubling cascades and aperiodicity is 
the result of an extrapolation of models, qualified for describing the phenomenological behaviour 
around possible operating conditions, to regions which are relatively far beyond them. In other words, 
the described phenomena cannot be excluded a priori, but their probability of occurrence, though 
never estimated, is likely to be rather small. 
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Fig. 4-13 - Fundamental and first subcritical mode oscillations for the LaSalIe-2 and 
Leibstadt instabilities, Ret, [4.7], 

The range of predicted phenomena is also denser than the one observed in experiments, since 
theory provides details on the mechanisms of occurrence of instabilities which could be otherwise 
identified with great difficulty, due to the masking effect of superposition. It is worthwhile to mention 
again the contribution given to the understanding of physical mechanisms by model development and 
application. 

In summary, the available models are adequate to give a qualitatively correct simulation of 
observed phenomena. Limitations and shortcomings discussed in previous sections (e.g., the 
problems concerning numerical discretization of PDEs or the lack of detail in simulating core 
thermal-hydraulic regions) are due more to limits in practical applications, dictated by computational 
convenience or resulting from historical reasons, than to the lack of appropriate techniques to 
overcome the mentioned difficulties. 
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Fig. 4-14 - Calculated LPRM response for Caorso out-of-phase oscillations, Ref. 14.1271, 

4.4.2 Uncertainty, quantitative accuracy and level of confidence 

In this section the capabilities of models in quantitatively predicting the phenomena relevant 
for BWR stability is dealt with., in order to give a general idea of the present limits of confidence in 
stability predictions. 

Concepts like uncertainty and accuracy must be introduced first. The uncertainty is the 
unknown error made in predicting plant behaviour. The (quantitative) accuracy is a measure of the 
known discrepancies between calculated and experimental trends. 

In relation to uncertainty, following the pioneering activity by NRC (e.g., refs. [4.169] and 
[4,170]) leading to the CSAU methodology, a number of other methologies like UMAE (e.g. ref. 
[4.171]) proposed by University of Pisa, and GRS, CEA and Winfrith methods (e.g., refs. [4.172], 
[4.173]) have been recently proposed and are being compared in the frame of an OECD/CSNI 
activity. Pilot applications of these methods are available so far; all of these concern transients having 
strong driving forces (e.g., depressurization caused by the break), where the problem of bifurcations 
is not of outmost importance. The use of these methodologies for stability analyses is recommended 
for the future, but is not part of the actual state-of-the-art and no further specific discussion is 
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included below. 
The evaluation of quantitative accuracy of codes is an issue of great interest, which has been 

addressed in the case best estimate codes for LOCAs and DBAs (e.g., refs, [4.146] and [4.147]). 
Since a systematic application of such techniques in the field of BWR stability again is not reported, 
though it is within the capability of the mentioned method, the following sections provide information 
on code accuracy evaluations based on the available literature. 

4,4.2.1 Channel stability and thermal margin 

in 4.4.1 the capabilities in predicting boiling channel stability boundary have been discussed. 
In particular, information was reported for comparing calculated stability maps with experimental 
data, showing a good match between predictions and observations. Channel stability, together with 
fuel rod thermal behaviour, are indeed the phenomena of major concern in BWR stability analyses. In 
fact, as previously mentioned, density wave oscillation is the phenomenon mostly triggering the 
overall reactor instability, while boiling transition (BT) may determine fuel conditions having the 
potential to threaten safety. 

From the quantitative point of view, application to out-of-pile tests supplies clear information 
about the adequacy of adopted models in locating the stability boundary in parameter space and in 
defining heater rod cooling conditions during oscillations. Information on the capabilities to quantify 
stability margin both in out-of-pile loops and in BWRs is provided in following sections devoted to 
decay ratio and transfer functions. In addition, Figure 4-15 below reports plots comparing the results 
of a code application [4.13] to test loop experimental data [4-148]. In particular, calculated vs. 
measured channel threshold power, calculated vs. measured flow oscillation amplitude at BT onset 
and calculated CPR vs. measured rod temperature are shown. It must be noted that a good match 
between experiments and calculations in relation to these aspects is a minimum requirement to assign 
confidence to code predictions of BWR phenomena. In particular, a great interest should be assigned 
to the prediction of separate effect tests on BT during flow oscillations, highlighting a phenomenon 
playing a key role towards safety. 

4.4.2.2 Decay ratio and oscillation frequency 

Almost every stability analysis ends up with an estimate of the margin to stability through the 
decay ratio. A large amount of literature is therefore available to draw conclusions about the 
capability of codes in predicting decay ratios, though the definition of this parameter on the basis of 
both experimental data and calculations is still controversial (see Appendix B). On the other hand, the 
definition of oscillation frequency is less critical, being readily identified both on the basis of an 
oscillatory time trend or by the position of a resonant peak in a transfer function. 

Figure 4-16 reports a sample of comparison plots, from different references, which can be 
used to estimate the accuracy presently achievable in DR and frequency of oscillations. Considering 
the reported information and similar other available in literature, it seems possible to subscribe the 
statement appeared in a recent review [4.140], assigning an uncertainty band of ±20% to the 
calculated decay ratio, although the mentioned uncertainties in the experimental definition of this 
parameter should play a role in determining accuracy. 

This is related to a further problem (also mentioned in réf. [4.Î40]) concerning the difference 
between open post-test and blind pre-test analyses. It is well known, in fact, that when dealing with 
large codes applied to reactor plants, a number of parameters in the input deck remain uncertain and, 
somehow, free to be changed within a reasonable range on the basis of the user's skill and experience. 
Since stability phenomena are very sensitive to changes in some parameters (localized pressure drop 
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coefficients, node length, adopted time step, etc.) a sort of "tuning" of code input decks is always 
possible to force the response towards a known result. The most decisive conclusions about accuracy 
could then be reached through code application in blind pre-test analyses as in the Benchmark 
Problem on Ringhals data {see Chapter 6). 

Considering the predictions of oscillation frequency reported in Figure 4-16, it can 
be noted that this parameter is generally well predicted by codes. This result is related to the fact that 
a good estimate of oscillation frequency is a consequence of a reasonable physical representation of 
the qualitative mechanism of density waves, which is within present code capabilities (see sect. 
4.4,1). Clearly other code capabilities are needed for a comprehensive and detailed core analysis. The 
capability to predict spatial power distribution can be recalled: this may have a significant effect upon 
the prediction of the aforementioned oscillation frequency. Even in this case, the effect of "tuning" of 
relevant code parameters, may play a considerable role. 

4.4,2.3 Transfer functions 

Strictly related to the prediction of decay ratio and frequency of oscillation is the 
analysis of system linear response as a function of frequency. This is a direct output of 
frequency domain codes, but it can be also obtained by appropriate processing of time domain data 
(see e.g. [4.75]). Moreover, whenever a nonlinear model is expressed in the form of 
ODEs, an equivalent linear model can be easily obtained by perturbing and Laplace 
transforming, thus obtaining information on the related transfer functions for small perturbations (see 
e.g. [4.2]). 

Figure 4-17 reports comparison of Bode plots of calculated transfer functions 
(gain and phase) against out-of-pile and in-pile experimental data, A reasonable accuracy 
in the magnitude and the location of the resonant peak and in the value of the phase at the peak show 
that the: stability margin is accurately predicted. Anyway, the same considerations reported above 
about the great sensitivity of results to very delicate details of the system also apply in the present 
case. 

Examples of root locus and of Nyquist plot can be found in ref. [4.1] (see also Fig. 4.12) and 
in ref. [4.174]. 

4.4.2.4 Limit cycle amplitude 

Prediction of BWR behaviour beyond the stability threshold is even more complicated than 
the prediction of linear stability, since a proper representation of mechanisms limiting power and flow 
excursions must be included in the models. In addition, when dealing with reactor incidents, 
availability of accurate plant data may affect the capability to correctly simulate the actual plant 
conditions, leading to uncertainty in the obtained results. 

An example of this situation is found in published analyses of the LaSalle-2 incident (see e,g., 
[4.53,4.99]) where, due to uncertainties and scarcity of data about the behaviour of the plant during 
oscillations (e.g., in relation to feedwater flow), different modelling assumptions can be made, giving 
rise to discrepancies in independent evaluations of the time trend of relevant variables (Figure 4-18). 

The situation is better when coping with instability tests, during which various measurement 
signals are carefully recorded. As an example, Figure 4-19 reports the comparison between predicted 
and observed LPRM limit cycle amplitudes during a Caorso instability test, obtained with thermal-
hydraulic channel groupings having different detail (labelled Case 1 and Case II), both preserving 
diametral symmetry [4.Î 27]. Another piece of information is reported in Figure 4-20, showing LPRM 
amplitude during code application to Leibstadt oscillations [4.149]. 
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Fig. 4-20 - Comparison between calculated and measured LPRM amplitudes during 
Leibstadt instabilities, Ref. [4.149], 

4.4.2.5 Timing of events during instabilities 

When simulating stability tests» the major concern is the evaluation of oscillation parameters 
(frequency, decay ratio, limit cycle amplitude, etc.). On the other hand, when dealing with inadvertent 
instability occurrences or postulated incidents, it may be interesting to evaluate the capabilities of a 
code in reproducing with reasonable fidelity the actually observed sequence of events. The literature 
on this aspect mainly reports postulated sequence analyses with no comparison to plant data (e.g., 
pump trip plus ATWS) or is related to the prediction of LaSalIe-2 pump trip event. 

Furthermore, to point out the effect of modelling uncertainties on the calculated time sequence 
of events for LaSalle-2 occurrence, Figure 4-21 (ref. [4.132]) reports additional information on the 
calculation of power as a function of time with respect to that already reported in Figure 4-18. It can 
be noted the great difference obtained in power trend by the use of void reactivity coefficients 
differing by only few percents (the BNL one is smaller), which results in different predictions for 
scram intervention timing. This accounts for the great sensitivity of the instability phenomena to 
small changes in input parameters, which makes it difficult to get reliable predictions of the actual 
sequence of events which are likely to occur during instabilities in BWRs. This is indeed a peculiarity 
of this kind of occurrences which make them different from other events considered in reactor safety 
analyses (e.g., LOCAs), for which present codes are capable of high accuracy in predicting the 
expected sequence of events. 
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Fig. 4-21 - Comparison of power loci calculated with two different void reactivity coefficients 
for the LaSallc-2 instability occurrence, Ref. [4.132]. 

4.4-2.6 Accuracy in estimating the effect of SRI procedures 

As mentioned in sect. 4.2, accuracy in predicting the effect of SRI is necessary in order to use 
codes for assessing the suitability of such procedures as a countermeasure for damping out 
oscillations. Variables for quantifying the effect of control rod insertion on LPRM signals measured 
during SRI tests have been defined in literature (ref. [4.17]) and can be used as additional parameters 
for assessing code capabilities in relation to BWR stability applications. Figure 4-22 reports the 
results of code assessment making use of these variables. 

4.4.2.7 Summary 

The available literature on codes adopted for BWR stability reports many successful 
applications to out-of-pile and in-pile experiments, showing good agreement between observations 
and predictions. This supports the conclusion that presently available codes are capable to provide a 
detailed quantitative explanation of phenomena. 

However, some considerations can be made, prompting the reader that the issue of BWR 
stability prediction is not completely closed. 
• Most of reported code applications refer to analyses of tests or inadvertent occurrences performed 

as "open" comparisons of calculations and experimental data. This does not help very much in 
defining the actual predictive capabilities of codes, due to the large number of uncertain or 
undefined parameters, required to set up an input deck, which can be changed on the basis of 
user's skill and experience to converge toward a known solution. 
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Fig. 4-22 - Comparison of spatial dependence in LPRM change rate, Réf. [4.17J. 

The above is particularly true in the case of the simulation of out-of-phase oscillations. In fact, 
knowledge of the observed oscillation pattern is often used as a guidance for deciding the 
particular grouping to be adopted for thermal-hydraulic channels in order to obtain the expected 
result. Since it is clear that such a procedure changes the dynamic characteristics of the parallel 
channel system (as also demonstrated in theoretical studies [4.4]), such applications only show 
that out-of-phase oscillations can be simulated with available codes, but the capability to 
discriminate between the various oscillation modes is demonstrated only by very detailed 
analyses, performed with a channel-by-channel description. 
Analyses involving a certain degree of uncertainty in boundary conditions or system parameters 
point out that slightly different modelling assumptions may lead to strongly different calculated 
results, showing that the considered phenomena are very sensitive to user's or code options. This 
is indeed a peculiarity of this kind of phenomena, asking for a higher level of knowledge of a 
reactor system than required in other safety analyses. 

4.43 Main features of validation programs 

Validation of computer codes for safety analyses of nuclear power plants is a complex and 
important step. In fact, only a systematic assessment of the various parts of a code and the general 
validation of the whole code can provide adequate confidence in its predictive capabilities. 

Open information on validation of BWR stability codes generally consists in the description 
of more or less successful applications to tests and experiments against which the program has been 
benchmarked. hi some cases, generally for widespread codes, a more complete indication of the main 

SOAR ON BWRS - CHAPT. 4 

4/54 

172 



strategies and objectives of code assessment can be found. It must be recognized that a large body of 
proprietary work related to code validation is performed by private companies on their own codes, 
which is not available for discussion in this Report. 

Data available for code assessment are described in Chapters 3 and 6 and were also partly 
mentioned in the present chapter for purpose of comparison with predictions. They include both out-
of-pile experiments and in-pile tests. The former are mainly used for validation of basic models, e.g. 
chamiel thermal-hydraulics, while the latter serve for general validation of the code as a whole. 

In this respect, it is interesting to compare the validation needs of codes for BWR stability and 
of best estimate codes for DBA and other postulated accident analysis in LWRs, As well known, the 
latter codes are validated at different levels: 
1. a "developmental" assessment is performed while setting up the program, in order to confirm the 

adequacy of adopted choices for physics and numerics; 
2. ad hoc separate effect tests (SETs) are used to validate the physical models included in the code 

to simulate relevant basic phenomena [4.150]; 
3. integral tests, reproducing in a lower geometrical scale the behaviour of the whole reactor plant, 

are then addressed to assess the accuracy, i.e. the reliability in predicting downscaled system 
phenomena [4. Î 51]; 

4. when available, plant data are also used to provide a measure of the uncertainty., i.e. the limits of 
confidence in the prediction of full scale reactor behaviour [4.152], 

This procedure is partly reflected in the validation of BWR stability codes, as far as out-of-
pile experiments can be considered as separate effect tests, which is not always appropriate. For some 
codes, a systematic identification of tests for code validation has been made and a separate validation 
of each module (e.g,, thermal-hydraulics, neutronics, fuel behaviour, heat transfer and ex-core 
systems) is performed. It can be also noted that with respect to best estimate codes for accident 
analyses, calculation tools for BWR stability have the considerable advantage that they can be 
validated against a considerable amount of reactor plant data. As a consequence, in order to estimate 
uncertainty there is no need to make use of results of tests performed in downscaled apparatuses, 
which are affected by distortions coming from the effect of scaling laws. 

Under the respect of validation, BWR stability codes can be subdivided into the following two 
classes: 
• general purpose transient thermal-hydraulic codes, eventually upgraded by coupling with detailed 

3D neutronic codes; 
• transient codes and frequency domain codes specifically set up for BWR stability. 

Codes in the above first class have been usually subjected to a general purpose validation 
process; therefore, further validation against stability data in reactors or small scale loops can be 
considered sufficient to provide confidence in their capabilities. 

Codes in the second class have been developed specifically for BWR stability and must be 
carefully validated within their range of application in order to assure that each of the adopted models 
is adequate to describe the basic physical phenomena involved in the simulation of BWR stability. In 
some cases, these codes have intrinsic limitations in modelling capabilities (e.g, in the number of 
considered flow and heat transfer regimes) which must be carefully considered during both validation 
and application. 

Another aspect of concern is related to the use of codes at different research organizations. 
This generally assures the possibility of an independent assessment with respect to the validation 
performed by the proprietary or developer organization, thus improving the level of confidence in 
predictive capabilities. In this respect, widespread codes may have an inherent advantage with respect 
to programs developed and used at a single laboratory. 

The above remark is also connected to another well known problem arising in the application 
of large system codes, namely the user effect (see e.g. ref. [4.153]). Very frequently during 
international exercises it is noted that a same code applied by different users to a same proposed 
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problem can provide considerably different levels of accuracy, mainly depending on user choices. 
Since it is clear that a well assessed code is useless if the user is not adequately qualified, emphasis 
must be put on a number of relevant asp ects : 
• guidelines must be provided with code documentation to promote an efficient user training; 
• a consistent procedure must be suggested for assessing user choices (e.g., the choice of a nodal 

discretization) in order to qualify them for the particular application; 
• the number of possible user choices should be decreased; for instance, the optional choice of 

basic physical models (e.g., void-quality or heat transfer correlations) should be avoided, as it 
introduces additional degrees of freedom in code application. 

This process of user-and-model qualification may have considerable impact on the obtained code 
results. 

4.4.4 Applicability to real plant conditions 

From the material presented in previous sections, it comes out that codes for BWR stability 
are generally conceived in order to be applicable to reactor conditions, taking into account most of the 
peculiarities of full scale plants. Nevertheless, some difference in code applicability to plant 
conditions can be noted. 

Obviously, purely thermal-hydraulic models for single-channel or multi-channel behaviour 
with poor or no description of heater dynamics and neutron kinetics have only limited concern, being 
mainly useful for phenomenological sensitivity studies. This is the main reason why they have not 
been included in section 4.3. 

On the opposite side, core models characterized by a detailed neutron kinetics coupled with a 
poor thermal-hydraulic description of channels and of core boundary conditions are limited to specific 
applications in which power distribution phenomena have the greatest importance. Unless they are 
upgraded with efficient models for core and ex-core thermal-hydraulics, they cannot be applied with 
confidence to reactor conditions. 

On a general basis, it can be recognized that full applicability to real plant conditions requires 
that allowance is made at least for the following aspects (see also 4.1.1) : 
• ID parallel channel thermal-hydraulics, with a sufficient axial and radial detail (e.g., many nodes 

per channel, many parallel channels); 
• neutron kinetics model consistent with the purpose of the particular application; in particular, 

point kinetics should be used only if changes in power distribution during oscillations and other 
space dependent effects can be a priori neglected; 

• fuel and heat transfer models capable to adequately describe the filtering and delaying effect due 
to the presence of fuel rods and to assess the margin to boiling transition; 

• ex-core models capable to provide an adequate representation of recirculation gain and core 
boundary conditions; BoP models result in an additional capability which furtherly enlarges the 
range of application of the code. 

In front of the above minimal acceptability criteria, it can be recognized that available models 
offer the capability to describe the reactor plant with a very high degree of detail. As already noted in 
4.4.1, present limitations in particular codes or code applications are not a consequence of inadequacy 
of the available techniques, but derive from developer and user choices or computational convenience. 
Although only a few published applications report such a detailed analysis of BWR stability 
behaviour (see e.g. [4.144]), the objective of adopting detailed 3D kinetics, one thermal-hydraulic 
region per fuel element and reliable descriptions of the vessel and the BoP is presently possible. Such 
a very detailed description can in principle provide an adequate capability of predicting the oscillation 
mode (core-wide or out-of-phase) of a given core when operating under prescribed conditions. 

On the other hand, it is important to mention the role played by (simplified) engineering 
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models in BWR stability, allowing to investigate the effect of parameter changes with reasonable 
reliability and, at the same time, to achieve a high computational efficiency. When fine details related 
to core power distribution can be omitted, they are able to supply valuable information on the 
behaviour of the plant as a whole, highlighting aspects (e.g. the effect of BoP and control systems) 
which are often neglected in more sophisticate analyses. 

In summary, the great sensitivity of BWR stability phenomena requires a more detailed and 
complete representation of the plant system than needed in other safety analyses. Detail and 
completeness are possible on the basis of the available simulation techniques and can be assured 
providing the required effort in code development and application. 

4.4.5 Considerations on code capabilities 

hi the present section relevant subjects related to code capabilities, which were partly already 
discussed in the above, are shortly summarized or furtherly addressed. 

Formulation of thermal-hydraulic balance equations 
It has been shown that the available models adopted for describing the behaviour of the two-

phase flow mixture range from the simple ID homogeneous equilibrium model to ID or 3D complete 
non-equilibrium formulations. Though, in principle, the more detailed the description the best the 
prediction should be, a warning must be stated against the use of complex models requiring an 
increasing amount of information to explicitly describe relevant physical processes (see also sect. 
6.3.2). 

In fact, this information may be difficult to be provided because of lack of knowledge, thus 
introducing at a different level the uncertainty which is claimed to be avoided. In this respect, the 
adoption of complete non-equilibrium models for analyzing channel thermal-hydraulics in place of 
the mixture formulations during instabilities should be assessed in view of the possible improvements 
in fidelity of predictions. 

Effect ofill-posedness 
It has been mentioned that some of the adopted two-fluid models may have an ill-posed 

character. Since "ill-posed" means "unstable" concerning the behaviour at short wavelengths, it would 
be apparently preferable to make use of "well-posed" mathematical models. Indeed, a well-posed 
numerical scheme is needed for any possible calculation, whatever the character of the original 
mathematical problem. 

At least two possible strategies are available in this aim: one consists in stabilizing the 
unstable mathematical model at the level of the numerical method, with the addition in the numerics 
of appropriate stabilizing (generally viscous) terms; the second is to adopt a stable mathematical 
problem, also obtained by the inclusion in the PDEs of appropriate stabilizing terms which, in 
principle;, should translate some well defined physical effect. Which of the two strategies is the best is 
hard to say. What it seems really important is that the effect of each of the fictitious or physical terms 
added in the scheme is well known and, even more important, it does not introduce large distortions 
with respect to reality, while being effective in making possible the calculation. In this respect, only 
the comparison between experiments and predictions can actually qualify a model. 

Closure laws 
As previously mentioned, the greater the model complexity, the larger the number of 

constitutive laws to be provided to close the balance equations. A larger number of constitutive laws, 
in turn, raises additional problems about the definition and the qualification of the related 
correlations. It is even more to be stressed that, in some cases, uncertainty can be introduced at this 
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level if appropriate detail in knowledge of physical processes is lacking. In this light, setting up a 
model for channel thermal-hydraulics is a trade-off between detail and simplicity. 

A further problem concerning closure laws is related to the adequacy of correlations 
developed and assessed for steady phenomena in representing transient behaviour. This difficulty, 
which is met also in the case of codes for LOCA analyses, is even more limiting under oscillating 
flow conditions, which can no way be thought of as quasi-steady processes. In particular, critical heat 
flux and wall friction laws Qust two quote two examples of phenomena which are particularly 
sensitive to the fully developed or transient character of the flow) must be assessed in conditions 
typical of density waves to be actually validated. 

Numerics 
When dealing with partial differential equations, the way adopted for translating the original 

problem into a scheme amenable to automatic computation may have a strong effect on the predicted 
dynamic behaviour. Truncation error effects must be carefully assessed to make sure they are 
relatively unimportant in the addressed conditions. Explicit methods are generally preferred to 
implicit ones, since they are characterized by a lower degree of artificial damping with similar mesh 
and time step size. A present line of research is directed toward the development of low-diffusion 
numerical methods, which should guarantee a weaker impact of truncation error on stability 
predictions. A good rule is anyway to directly assess, whenever possible, the effect of adopted 
nodalizations in the considered application, in order to have a precise idea of the contribution given to 
stability by artificial damping. 

Multidimensional analysis 
The use of 3D equations is mandatory in neutronics if a precise idea of the regional character 

of core oscillations is sought for. It must be added that 3D kinetics can provide a reliable description 
of neutron flux oscillation pattern only if the required detail is used in describing fuel and channel 
conditions. Due to scattered fuel loading and diversity of burn-up, composition, enrichment, control 
rod pattern and flow rate, a multinodal channel-by-channel description of the core appears in many 
cases as the only predictive mean for discriminating between regional and core-wide oscillations in 
the general case. Even if such a complex description is available, it must be recognized that due to the 
great sensitivity of phenomena, very detailed information must be included on pressure drops, flow 
distribution and other relevant local parameters to adequately describe core behaviour. On the other 
hand, thermal-hydraulic channel grouping and fuel region collapsing, though convenient from the 
computational point of view, are likely to suggest the code the expected oscillation pattern, mostly 
providing only an a posteriori explanation of the observed behaviour. Nevertheless, reduced 
complexity representations may be useful when the regional pattern of oscillations is not the main 
goal of the simulation. 

On the side of thermal-hydraulics, the 3D description of some critical vessel regions (e.g., the 
upper and lower plena) is helpful in providing more realistic boundary conditions for core channels. It 
must be recognized that few codes have presently this capability and that the amount of information 
to be included in two-phase flow closure laws is even higher than in the corresponding ID models, 
requiring a greater effort in the assessment of adopted correlations. 

Time-step averaging 
The way in which some flow parameters are calculated at each time step may have an 

influence on stability predictions. In particular, relaxation techniques adopted in LOCA codes for 
averaging constitutive terms over the time step have the effect of changing the dynamic 
characteristics of the systems through the introduction of time delays. The effect of this practice must 
be considered when applying a code developed for LOCA analyses to the prediction of BWR 
stability. 
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Applicability 
The available codes, in general, fulfil all the requirements for being applied to reactor 

conditions, being equipped with the models that are considered necessary to deal with reactor 
phenomena concerned with stability. Actually, the above considerations on the adequacy of 
constitutive laws developed for quasi-steady processes in predicting oscillating phenomena must be 
taken into account also in this respect (see also sect, 4.4.4). 

Accuracy and uncertainty of predictions 
Availability of full scale plant data makes the assessment of codes for BWR stability more 

direct than in the case of LOCA codes (see also sect 4.4.2). In fact, it is not necessary to go through 
upscaling of accuracy in order to attain an estimate of uncertainty. 

On the other hand, stability phenomena are very sensitive to fine details in the distribution of 
core parameters (flow rate, pressure drops, neutron flux, etc.) and ex-core processes (recirculation, 
pump and BOP behaviour, etc.). As a result, uncertainty of predictions is strictly dependent on the 
actual degree of knowledge about these parameters and processes. 

An example of the quantification of uncertainty sources in BWR stability analyses can be 
found in ref. [4.99]. 

Assessment with instability tests 
The above mentioned availability of plant data provides a clear advantage in this field with 

respect to LOCA analyses. However, separate effect and integral tests provide additional information 
which is used for qualification of basic laws and models. As made for LOCAs and transients, it 
would be useful to set up test matrices for the validation of BWR stability codes, in order to allow a 
systematic and thorough assessment. In this connection, table 3-3 together with proper information 
on plant tests (sect. 6.3.3) may constitute a basis for further developments. 

4.5 Modeling BWR Stability in the Future 

4.5.1 Recent trends 

Considering the past and recent history of modelling BWR instabilities, it is interesting to 
compare the panorama of available models as reported in two review papers published on Nuclear 
Engineering and Design, respectively in 1973 and 1993; this will be useful to shortly recall the main 
steps completed in model development during a 20 year time lag. The first of the two considered 
papers is the well known Review of Two-Phase Flow Instability by Bourè, Bergles and Tong (ref. 
[4.139]) and the second is the recent review of the state of the art in the field proposed by March-
Leuba and Rey (ref. [4.140]). 

Seven codes (three frequency-domain and four time-domain codes) are reported in the review 
by Bourè et al., being STABLE, FABLE, DYNAM, HYDNA, RAMONA, SABRE-3 and FLASH. 
Only three out of these seven codes (FABLE, RAMONA and SABRE-3) were equipped with neutron 
kinetics making them suitable for applications to real reactor plants, the others being merely thermal-
hydraulic models. Besides, only two of these codes (FABLE and HYDNA) had the capability to deal 
with parallel channel systems and recirculation dynamics was not explicitly included in the majority of 
the considered models. A single code (FLASH) was based on a compressible flow model. Very 
simplified thermal-hydraulic models were adopted and the paper points out the need for the inclusion of 
accurate void and two-phase friction correlations to i mprove code performance. 

Since that time on, more sophisticated techniques have been developed and tested. In the 
frequency domain, codes became capable to include heater rod dynamics and even multi-dimensional 
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neutron kinetics; sophisticate correlations were included for heat transfer, void-quality relationship 
and recirculation loop dynamics was also accounted for. In the time domain, more and more 
sophisticate PDE thermal-hydraulic models were developed for purpose of application in reactor 
safety analyses; large system codes based on two-fluid models were set up and qualified in this frame, 
pushing on progress in theoretical and experimental research. 

A parallel research line, which could not receive adequate backfit into the BWR stability code 
development process, is related to ODE transient models for analyzing non-linear behaviour. These 
models have been set up to study the dynamics of systems beyond the stability threshold without the 
bias coming from numerical integration of governing PDE. A considerable wealth of phenomena has 
been discovered by this approach in the application to density wave and BWR instabilities, including 
most of the topics currently addressed in the up-to-date theory of nonlinear dynamics and 
deterministic chaos. 

Thirteen BWR stability codes (three frequency-domain and ten time-domain codes) are 
mentioned in the paper by March-Leuba and Rey. All of them are applicable, although with different 
level of detail, to actual reactor plants, having models capable to cope with thermal-hydraulics, 
neutron kinetics, fuel dynamics and ex-core systems. A high percentage of these codes includes 3D 
neutron kinetics and multi-channel thermal-hydraulic core simulation with slip or two-fluid models. 
Validation of the codes has provided adequate confidence in their predictive capabilities. The same can 
be stated for the even larger number of codes addressed in this state-of-the-art report. 

Some trends can be identified in the technical and scientific development in the field of BWR 
stability, which may help to understand what will be the fiiture in this field. 

• A growing interest towards nonlinear phenomena 
This is testified by the greater number of time-domain codes with respect to frequency domain 

codes and by the parallel theoretical researches on nonlinear behaviour in boiling channels and reactor 
plants. Knowledge of the stability boundary is no more considered sufficient, but the need is felt to 
predict the behaviour beyond the stability threshold, in order to calculate limit cycle amplitudes and 
core thermal behaviour during postulated instability occurrences. 

• A tendency to enlarge the boundary of the considered system 
The role of the recirculation flow path and of the BoP has been pointed out as strongly 

contributing to the definition of the dynamic characteristics of the reactor core. As most of the 
currently adopted codes simulate the entire vessel behaviour, it is foreseeable that a global plant 
model including also BoP and control systems will shortly be considered necessary for predicting the 
transient response to instability occurrences. 

• The adoption of 3D neutron kinetics for predicting transient power distribution 
As efficient multi-dimensional neutron kinetics algorithms have become available, many codes 

have been equipped with 3D kinetic models. The observation of out-of-phase oscillations in large 
reactor cores is supporting the need for a careful representation of power distribution and of the 
related thermal-hydraulic feedback. 

• The use of well assessed thermal-hydraulic system codes 
Although most of the codes adopted for BWR stability make use of slip models, recent work has 

shown the tendency to take profit from the progress obtained in the field of thermal-hydraulics in the 
last decade. In particular, coupling of thermal-hydraulic system codes based on complete non-
equilibrium models with 3D neutron kinetic codes is capable of providing the most sophisticate 
technique for analyzing transient reactor behaviour. 
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4.5.2 Areas requiring further effort 

Iii Section 4.4 the capabilities of codes presently adopted for BWR stability analysis have been 
discussed. Qualitative and quantitative predictions of instabilities were found in reasonable 
agreement with observed phenomena, as a result of an acceptable level of knowledge and technical 
development, 

Nevertheless, on the basis of this discussion, some areas requiring further developments can 
be considered. 

• Assessmen t of code predictive capabilities 
The great sensitivity of reactor dynamic characteristics to relatively small changes in 

operating parameters raises the problem of the assessment of code capabilities in the application to 
blind predictions. In addition, it was noted that some user choices (e.g., thermal-hydraulic channel 
grouping) are made on the basis of the expected reactor behaviour. Available literature is rather poor 
of pre-test applications, so that it is difficult to estimate the level of confidence to be assigned to 
predictions of unknown plant behaviour. A greater effort should be spent in this area for 
benchmarking available codes against plant behaviour in blind predictions. 

• Systematic validation 
Also in consideration of the above, the lesson learned in the validation of best estimate codes 

for LOCAs and DBAs should be applied in the field of BWR stability. In particular, it seems possible 
to define a common data base for code validation including both in-pile and out-of-pile experiments. 
Experimental work in the field should be encouraged in order to provide more meaningful out-of-pile 
experiments to be systematically proposed for assessing predictive capabilities in blind applications. 
Moreover, benchmarks on in-pile experiments (see Chapter 6) should be more frequently organized 
to this purpose. 

• Detailed simulation of the whole reactor plant 
A very detailed representation of the core and of its surroundings seems desirable in order to 

obtain more reliable predictions of plant behaviour. This could include the description of the core 
with many channels and many axial subdivisions, a detailed noding of the plena and of the 
recirculation flow path and consideration of the effect of BoP systems. Since a detailed thermal-
hydraulic description is currently possible but it is still rare, in particular applications, some effort 
should be spent in order to find convenient techniques to overcome computational difficulties 
suggesting the use of reduced complexity models. 

• Use of up-to-date thermal-hydraulic models 
The development of non-homogeneous non-equilibrium two-fluid models carried out for best 

estimate codes adopted in the safety analysis of nuclear power plants has provided a powerful up-to-
date technique for calculating core and vessel thermal-hydraulics. Although it has been noted in the 
previous sections that some of these codes are now being qualified for BWR stability, most of the 
available programs for stability studies are based on drift flux formulations. An interesting area of 
further studies can be found in the assessment of the benefits which could be obtained by a larger use 
of two-fluid models in the prediction of channel stability. 

• Development of low-diffusion numerical methods 
In the previous sections, it was noted that transient codes based on numerical discretization of 

PDEs are affected by truncation errors, which may change the predictions in relation to stability. This 
is an area of research in which some effort has been already spent, identifying possible solutions (see 
e.g. [4.99], [4.119]), but the need is felt for further development (see e.g., ref. [4.154]) which may be 
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of the greatest importance in the field of BWR stability. 

• Application of Accuracy and Uncertainty Methods 
The use of available Accuracy and Uncertainty Methodologies, presently limited to plant 

scenarios characterized by strong driving forces (e.g., depressurization at the break in a LOCA), is 
recommended in the BWR stability area (characterized by bifurcation and relatively weak driving 
forces). 
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5. PLANT MONITORING AND PREVENTION AND MITÏGATION OF INSTABILITIES 

BWR plant system configuration and detected transient scenarios in case of instability events 
have been discussed in the chapter 2. In addition, relevant experimental results and analytical tools 
that can be used for a better understanding of the physics of neutron flux oscillations have also been 
presented in Chapts. 3 and 4. Foreseeable reactor scenarios following instabilities are described in the 
Chapt. 6. 

The next ring of the chain (i.e. reactor data, experiments, codes) is constituted by the plant 
system that allow the characterization of the core status during stable and possibly also unstable 
operating conditions. The output of such a system, i.e. the monitoring system, is indispensable to 
depict the transient scenario, should an instability event occur, but also to prevent the occurrences of 
the same instability events. Before introducing further details, the définition of a monitoring system 
and of a (core) monitor considered here should be specified (see also sect. 2.3.1). The monitoring 
system includes any subsystem, component and related software used to characterize or to control a 
generic core condition. The (core or stability) monitor makes use of parts of the monitoring system 
and consists of specific hardware and software components, finalized to the monitoring of the core 
stability. 

A full description of the design and operation of the complex monitoring systems including 
electronic hardware and software, is well beyond the purpose of the present report. Hence, the main 
body of the present chapter consists of selected topics covering four main areas connected with the 
monitoring system: 
a) instrumentation, mostly focused toward core instrumentation (sect. 5.2); 
b) BWR plant control system, including features of the power limitation and protection system (sect. 

5.3); 
c) interpretation of signals coming from the physical processes: mostly interpretative software tools 

are outlined under sect. 5.4, specifically including analytical methods for signal processing; 
d) current strategies for prevention and mitigation of instability are discussed under sect. 5.5. 

Following the top-down approach inside this chapter, sect. 5.1 deals with an overview of the 
potential use of the current monitoring system in the framework of the reactor stability. 

5.1 Use of the Capabilities of the Monitoring System 

There are many factors which may affect the BWR core stability, the main parameters of 
which have been investigated and identified in the previous chapters. Those parameters may affect 
the stability differently, depending on the reactor operational conditions and its operating history. As 
a consequence, the stability boundary may drift over a long period of the reactor operation or under 
certain operational conditions. Accurate theoretical predictions of the stability boundary necessarily 
require extensive calculations using complex computer codes involving detailed models of neutron 
kinetics and thermal-hydraulics (so, in the current practice, stability boundaries are defined according 
to operational experience). However, it should also be noted that reactors may not always be operated 
in the way which has been assumed in the stability prediction calculation. 

In general, there are three approaches considered for the prevention and the mitigation of 
instabilities. There are advantages and disadvantages in each of the three approaches. At the same 
time, however, there are some points which must be addressed as a concern whether or not it can 
cover the whole stability problem area. Tab. 5-1 summarizes the features, functions and problems for 
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approach 

prevention 

defection & 
suppression 

stability 
monitor 

triggering 

entering 
the exclusion 
region 

detection of 
oscillation 

detection of 
reduced 

stability 
margin 

action 

scram or 
SRI 
control rod 
block 

scram or 
SRI 

scram, SRI or 
manoeuvring 

the reactor 
control system 

auto/ 
manual 

automatic 

automatic 

manual 

advantage 
disadvantage 

less burden 
on operator 

system 
modification 

less burden 
to operator 
system 
modifîcaiion 

possible to 
know the 

stability stale 

no system 
modification 

concerns 

- exclusion region determined 
by code prediction 

- risk for setting too much 
conservative or non conservative 
exclusion region, 

- state of stability not known. 

- risk for false alarm, 
- stability not checked 

- may not be able to cope with rapid 
variations of core conditions, e.g. 
entrance to unstable region after 
ATWS 
region after ATWS 

Tab. 5-1 - Summary of main features of different approaches as a measure for prevention 
and suppression and mitigation of instabilities. 

each approach, ref. [5.1]. Licensing requirements are important in this connection, e.g., GDC 12 of 
10 CFR 50 Appendix A (see also Chapt. 7). 

Prevention, and detection and suppression approaches principally assume that automatic 
measures are taken against the instability, thus placing no burden on the reactor operator. The major 
concern in the prevention approach is that there is no checking of the actual stability condition during 
the reactor operation, since the exclusion region is based on the code prediction. Eventually, the 
stability may be checked independently also considering that the stability boundary may vary 
depending on various factors. Past instability experience also indicates that the reactor may not 
always run under conditions assumed by stability calculations. Inadvertently introduced undesirable 
factors affecting the stability cannot be excluded. An example of such a case is inadequate 
mechanical constraint of a fuel channel box to the lower tie plate, leading to water leakage and thus 
abnormal two-phase flow condition in the channel. With these factors in mind, therefore, uncertainty 
is inevitable in the prediction of the instability boundary. 

Consequently, the exclusion region could be set too conservatively or too generously. A too 
conservative exclusion region would reduce the flexibility of the reactor operation, possibly affecting 
the economy, while too generous exclusion region could bring about the risk for a reactor scram. As 
explained later, the exclusion region could be checked more systematically and frequently with a 
stability monitor. 

hi the detection and suppression approach, on the other hand, the instability is detected using 
a simple algorithm based on checking the amplitude and frequency of the neutron flux oscillation. 
The frequency information can be used to distinguish the power oscillation due to the core instability 
from others. This approach is not dependent on the shift of stability boundary during the reactor 
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operation. One problem is that the detection is practically possible only when the reactor has entered 
the unstable region, thus requiring rather quick actions to prevent the reactor from further excursion 
into more serious situations. Accordingly, very high reliability is required in the method for detecting 
the instability. The detection level must be set up very carefully so as to assure the instability 
detection while minimizing the risk for false detection. It must also be pointed out is that this 
approach cannot provide any information on the stability state during reactor operation. The use of 
frequency alone to distinguish oscillations may be inadequate in some cases: for example, pressure 
oscillations at BoP level may occur near the core resonance frequency. 

Either approach requires system modifications which may be very costly. 
An early warning and avoidance approach is accomplished using the stability monitor. The 

stability monitor alone, however, cannot be connected to a safety system due to the fact that it 
requires complex signal processing calculations. The response time also restricts using a stability 
monitor as a safety system. The stability is determined by noise analysis which requires an 
accumulation of information over a certain time period to get a sufficient statistical accuracy in the 
result. In spite of these restrictions, however, monitors are still expected to play an important role for 
plant monitoring and prevention and mitigation of instabilities. Selected experience from the use of 
monitors is discussed in the present report. 

5.2 Instrumentation Capabilities 

The reactor core of BWR plants is typically monitored in the power range by a number of in-
core detectors, from which average power signals are derived for the reactor protection system,, and 
by measurements related to the mass-flow rate. 

More detailed information about capabilities and recent developments in neutron flux 
instrumentation can be gathered by two recent OECD/CSNI Specialists Meetings, refs. [5.2] and 
[5.3]. 

5.2.1 Neutron flux measurements 

The neutron flux and power density distribution in the reactor core is monitored by a specified 
number of in-core detectors. These Local Power Range Monitors (LPRM) are arranged in radially 
distributed instrumentation guide tubes, which contain the detectors at four axial levels. 

Typical numbers of installed guide tubes are about 20 in small cores and between 30 and 44 
in large cores. Thus the total number of available LPRMs in large cores is in the range of 120 to 176. 
The four axial layers of detectors are usually named A to D from bottom to top. The detector signals 
are regularly calibrated, usually once per month, by a diverse measuring system consisting of 
movable ion chambers, the TIP-system (Traversing In-core Probe). The calibration procedure is 
based on measured detector values and a thermal heat balance of the reactor core. 

ïn the operating range of neutron fluxes including core power from a few percent to full 
power, neutron detectors are constituted by miniaturized gamma compensated fission chambers (CIC 
Compensated Ionization Chamber). Among other things, the CIC are characterized by response times 
much smaller than the envisaged periods of oscillation of interest for instabilities. Details about 
calibration, configuration and operating conditions of these neutron detectors can be found in refs. 
[5.4] and [5.5]. 

By summarizing, local detector readings in several groups, e.g. 3 or 4 or even 8 signals for the 
average value of reactor power are generated (APRM's = Average Power Range Monitors) which are 
input for the reactor protection system. The design and the safety requirements determine the total 
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number of incore detectors and the specific manner of grouping to average values. The convention for 
APRM assignment vary from plant to plant. 

The LPRM's give the most direct indication of neutron flux oscillations if instabilities occur. 
This has been confirmed by stability experiments approaching the stability boundary. The "summed 
up" APRM-signals are prone to suffer from cancellation in case of regional oscillations, due to the 
spatial distribution of local detectors. The indicated component of the APRM-signal is determined by 
the non-symmetric location of LPRM's and the non-linear behaviour of neutron flux during 
oscillations. Some plants, e.g. GE-BWR/2 type, have a quadrant-based APRM-system, which is not 
affected by these cancelling effects for regional oscillations. 

5.2.2 Measurement of other physical parameters 

In view of stability considerations all measured parameters related to the mass-flow rate 
through the reactor core are relevant. An evaluation of the total core mass-flow rate may be obtained 
by measuring the pressure drop across the lower core plate. Additional information is available from 
the pump speed, especially with respect to the operational conditions, on or off of recirculation 
pumps. In external loop plants, the flowrate is measured in the external piping. In jet-pump reactors 
the flowrate is measured over the jet pump diffuser. Some BWR plants of ABB-design have a 
peculiarity that mass-flow rate is directly measured at the inlet orifice of a few individual fuel 
assemblies (see also sect 3.4). 

Measurements of absolute pressure in the steam occupied region of the BWR plant and of 
feedwater conditions (mostly, mass flowrate and temperature), might have direct interest for a 
complete characterization of the reactor stability. Core inlet subcooling is directly affected by the 
values of the mentioned parameters. 

5.3 Control Systems 

As already mentioned throughout this report, the core operational conditions in BWR plants 
are represented in the power/flow map. In this map, allowed parameter conditions are kept by the 
power limitation and the reactor control and protection systems. 

The BWR plant control and protection system including the power limitation system is a 
portion of the BOP, following the definition adopted in the present report. Control systems and logics 
for turbine speed, for reactor pressure and downcomer level, for feedwater conditions (also interacting 
with the downcomer level), for recirculation loop and/or recirculation pump speed and for control rod 
insertion, essentially constitute the BWR plant control and protection system. A simplified example 
showing some interaction among the system has already been outlined in sect. 2.2 (see also Fig. 2-2). 
The role on stability of such systems has also been mentioned in Chapt. 2. 

5.3.1 Power/flow map 

The operating conditions of a BWR core are commonly represented in the power/flow map, 
e.g. Fig. 1-Î (see also Fig. 5-13). This map relates the core thermal power to the core mass-flow rate. 
The minimum mass-flow is determined either by natural circulation conditions or by the minimum 
speed of internal or external recirculation pumps. Under specified assumptions or changes of control 
rod configuration or mass-flow rate, the related changes of operational parameters define specific 
lines in this power/flow map. For instance, the 100% rod line or load line corresponds to a control rod 
configuration such that the nominal thermal power will be generated at nominal pump speed. Starting 
at these nominal conditions, the power will follow the 100% rod line by reducing the mass-flow rate; 
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in this connection, one would have to account for dependence of the feedwater temperature (also 
affected by the power ievei) on the core inlet subcooling. A control rod insertion will reduce the 
power and lead to a rod line below nominal value. On the contrary, a control rod withdrawal will 
increase the power and lead to a rod line above nominal value. 

The operational domain is described by an area in the power/flow map which determines a 
maximum allowed power value for each value of mass-flow rate. In many BWR plants in US and 
Nordic countries, the operating domain was extended above the 100% load line, such that 100% 
power can be reached with about 80% of rated core flow. The operational domain is defined by the 
MEOD-boundary (MEOD = Maximum Extended Operating Domain). 

The nominal procedures of BWR power control in the operating region are based on the 
change of mass-flow rate by pump speed control, keeping control rod configuration constant 
Optimized core operation strategies for fast power changes and load-follow aspects, take into account 
also adjustments of control rod movements within power control. 

5.3.2 Power limitation and protection system 

The operational domain of the power/flow map is based on the safety analysis. In accident 
analysis, it must be ensured that the operational conditions include sufficient safety margins for 
transients with respect to safety limits of fuel design. Usually the safety limit is established for the 
MCPR (MCPR = Minimum Critical Power Ratio), to exclude fuel rod failures. An increase of power 
above the allowed operational limit values is not only terminated by the reactor scram of the 
protection system but, in advance, by additional actions of the power limitation system. 

Typically, the following lines activating functions are available: 

- a sliding line blocking rod withdrawal within the control system 
- a sliding line initiating automatic control rod insertion within the control system 
- a sliding line of power limitation set point 
- a sliding line of neutron flux scram set point 
- a fixed high neutron flux scram set point (at about 120%) 

The first measures taken are intended to avoid a further power increase by withdrawing 
control rods. If the neutron flux scram set point is reached, the reactor scram is activated to shut down 
the reactor. 

5.4 Means to Measure and Quantify the Stability of Reactors 

The fundamental parameter currently adopted to characterize the oscillations is the decay ratio 
DR, which can be defined as the ratio of consecutive amplitudes (see also sect. 2.3.1 and Appendix 
B). As already clear from other parts of this report, the DR alone, and more specifically a unique 
value of the DR, might not be sufficient to characterize the stability status. However, a stable system 
has a decay ratio of less than 1.0. A constant oscillation with constant amplitudes is characterized by 
a decay ratio equal to 1.0. 

In the following the effect of an instability in a BWR on neutron flux and other process 
parameters is discussed and the basis of stability monitors is reviewed. 

5.4.1 Effect of instability on process parameters 

The stability boundary of BWR core can be approached in stability tests. These give 
information on the starting phase of neutron flux oscillations, on the specific form of core-wide or 
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regional oscillations and on the limit-cycle oscillation with small amplitudes. The available 
measurements provide detailed information on the indications from LPRM's and APRM's of the 
neutron flux oscillations. 

When the core oscillates in the core-wide or fundamental mode, all LPRM-signals in a plane 
orthogonal to the reactor axis are in phase. By averaging these signals, a similar shape is obtained in 
the APRM-signal. When the instability is incipient, the neutron flux oscillation is pure sinusoidal. As 
the limit-cycle is developing, the neutron flux can rise up to high values in the peaks but in the valleys 
it is limited. Thus the initial sinusoidal signals become distorted due to this non-linear behaviour. 

When the core oscillates in the regional or out-of-phase mode, the LPRM signals from 
opposite locations in a radial plane show a I80°-phase difference. If the APRM detectors were fully 
symmetrically distributed in the core and the oscillations were pure sinusoidal, then the APRM 
signals should completely cancel and should not indicate any oscillation. However, the non-linear 
behaviour of neutron oscillations introduces higher harmonics of the fundamental frequency, which is 
typically around 0.5 Hz. This frequency of the oscillation will not be completely suppressed in the 
APRM-signal and will be present together with frequencies of higher harmonics. Other investigators, 
e.g. ref. [5.34], suggest that the frequency of the harmonics introduced by the nonlinear behaviour of 
the neutron oscillations is 1 Hz, by composition of several harmonics with a frequency of 0.5 Hz. 

This discussion provides a basis to recognize the mode of oscillation from the pattern of LPRM 
and also the APRM signals. The oscillatory behaviour can also be measured in mass-flow rate values. 

5.4.2 Stability monitors 

The methods of monitoring BWR stability are based on signal analysis techniques of LPRM 
and APRM signals and analyses of other signals like mass-flow rate or pressure drop measurements. 

5.4.2.1 Basic components and performance evaluation of stability monitors 

The parts 1 ), 2) and 3) of this section deal with the basic components, the performance 
evaluation and the flow diagram of a core monitor, ref, [5.1], respectively. 

I) The stability monitor can be realized on a personal computer (PC) or an engineering work
station (WS), with the appropriate data acquisition system. The system is composed of 
hardware for signal preconditioning, data sampling unit, signal processing software and mass 
storage device such as hard disc, information display system to present the stability state, 
output unit which can be connected to an alarm generating device and so forth. These essential 
components and their basic functions are explained briefly. 

a) Measurement signals and hardware signal preconditioning 
With the different types of instability in mind, it is desirable to monitor all the LPRM strings 
together with the APRM signals. This provides the possibility of detecting local channel 
instability as well as regional out-of-phase instability. 

The monitor may include information on core flow, so that one can identify the reactor 
operational state. 

Neutron flux noise signals contain a wide spectrum of dynamics information related to the 
core. Namely, they carry information on the core stability, plant control system, pressure and 
other process variable disturbances, some types of in-core anomalies such as in-core guide tube 
vibrations, and so forth. In order to delete additional signal components that are not related to 
the core stability, high frequency components of the signals are often suppressed using a low 
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pass filter prior to data sampling, A high pass filter may also be incorporated to suppress the 
signal drift or transient. Such filtering with a hardware system is called signal preconditioning. 

b) Data sampling and signal preprocessing 
After the preconditioning, the noise signals are sampled with an A/D converter with a 
predefined data sampling interval. The sampling frequency is selected to be 5 to 15 Hz, so as to 
cover the signal's dynamics related to the core stability. The sampled data are subjected to 
mean and amplitude calculation, to roughly check the signal conditions as well as to identity the 
reactor operational state. At the same time, the signal's mean value is subtracted prior to further 
signal processing. 

c) Process identification 
The BWR dynamics model is obtained by applying various methods for the process 
identification. The FFT is a standard tool to obtain the auto-correlation function, power 
spectrum as well as the cross-power spectrum. As explained in Appendix B, DR may be 
obtained from the auto- correlation function. 

Time series model identification using ARMA or AR model is another tool to obtain the 
core dynamics model. From the signal processing point of view, there are two different 
procedures for the model identification; one is the batch processing and another the recursive 
processing. In the case of batch processing, the measurement data series are once collected in 
the data buffer and then processed blockwise. The block size is determined by considering 
statistical accuracy of the identified model, tracking ability of the model to the process state 
change as well as signal processing capacity of the computer utilized, hi this way of signal 
processing, one can obtain only one DR estimate for each data block and hence the DR 
updating frequency gets too low. In general, therefore, the procedure is slightly modified so as 
to get more frequent DR output where one data block is generated by combining two more sub-
block with smaller data size, hi this way, one can increase the DR updating frequency. But this 
procedure is found to be quite expensive in computation in that the amount of the data which is 
updated is less than half. Thus the same signal processing is performed repeatedly on the rest of 
the data, m addition, such a computer program requires fairly large data array size for keeping 
the block data in the core memory. 

In the recursive approach, the identified model is updated in such a way that the model 
obtained one sample before is modified based on the information obtained by the newly 
sampled data. Accordingly, this permits a more effective way of signal processing, in the sense 
that the calculation for the model updating completes each time when the new data sample was 
obtained and thus does not require the repeated usage of the old data. This allows a more 
frequent updating of the DR. Moreover, the computation in principle does not require extra 
memory to store the sampled data, because of the fact that necessary data for the model 
updating calculation is only the last data point. However, this approach requires a fast signal 
processing technique so as to complete the calculation in between the data sampling. Another 
potential problem is the possibility of numerical instability. Since the numerical error during the 
computation may be propagated to the next calculation, thorough attention must be paid to 
avoid such occurrences. 

d) Estimation of stability parameters and diagnostic checking 
The stability parameters of DR, resonance frequency, amplitude and spatial power oscillation 
phase are estimated with use of the identified dynamic model. The results are checked carefully. 
This is important because various characteristics with respect not only to the stability but also 
to the whole plant dynamics are reflected on the identified model. Hence there is a risk that the 
estimated stability parameters get disturbed by characteristics that are not concerned with the 
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stability. The estimated parameter is validated by checking if the value lies in a reasonable 
region in the light of the theoretical expectations as well as empirical rules. 

e) Presentation of the stability and storing the result 
The result of the stability estimation is presented on the terminal screen. Elaborated graphical 
presentation and a user friendly man-machine interface are essential so that the reactor operator 
can easily grasp the current state of stability. The monitor must be equipped with an output 
device which can be used to generate an alarm in the control room. The presented stability 
parameters must be updated with a reasonable frequency so as to be able to follow the dynamic 
change of the stability state. The resulting stability parameters should be stored in a hard disk 
file in order to allow more detailed investigations on the event afterwards if it becomes 
necessary. 

2) There are three important parameters to characterize the monitor performance, i.e., accuracy, 
response time and robustness. The accuracy means the deviation of the estimated stability from 
the true value. This is often expressed in terms of mean value with standard deviation, since the 
estimation of stability parameters involves stochastic signal processing. This is evaluated for a 
process the stability of which is known by another way. The response time is a measure for the 
backing capability when the stability state has suddenly changed. It is evaluated by the time for 
the estimated stability parameter to respond to the sudden change of the stability state. The 
robustness is a subjective but important measure for evaluating the monitor performance. The 
robust monitor means that it functions properly without being influenced by any kind of power 
disturbances. An example of such a case is the recirculation pump trip accompanied by a large 
variation of reactor power. A stability monitor which is not robust may yield unreliable stability 
evaluations when the power transient has occurred. 

Various signal processing techniques are involved in the stability monitor to estimate on 
the stability parameters in real time. A care must be exercised so that the total combination of 
them leads to a satisfactory monitor performance in terms of the above mentioned three 
performance evaluation parameters. On the other hand, there are some technical key issues 
against which the monitor must be well prepared for. Namely, in order for the monitor to 
function properly at any condition of the reactor operation, it must be able to cope with the 
following problems: 

- signal trend subtraction to suppress harmful effects which may arise from a large scale of 
signal level change like a reactor power transient, 

- adaptive signal processing so that the monitor can track quickly the stability state change, 
- elaborated algorithms to accurately determine the stability state, 
- diagnostic checking of the result for validating the estimated stability parameter, and so 

forth. 

Elaborate methods for the respective items and their suitable combination constitutes the 
essential part in order to achieve a high performance of the stability monitor. 

Concerning the identification of the mode of instability, the stability monitor must 
be prepared for methods for detecting and distinguishing global, local 
and regional instabilities. This is accomplished in combination of hardware and software 
techniques. 

3) A typical example of core monitor is given in Fig. 5-1, as taken from ref. [5.1 ]. 
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Réf. [5-H. 

5.4.2.2 Theoretical basis 

The theoretical basis of BWR stability monitors is the signal analysis technique of LPRM-
and APRM-signals e.g. as discussed in refs. [5.1], and [5.6] to [5.10]. 

The neutron flux signal fluctuates randomly around its mean value. Analysis of this random 
component of the signal allows determination of the BWR stability. Under conditions where stability 
monitors are applied the reactor dynamics is treated as a linear system. The BWR reactor core 
dynamics is determined by the neutron kinetics, the fuel heat transfer, the two-phase flow 
thermohydraulics and reactivity feedbacks from void content in the coolant and the fuel temperature 
in the fuel pin. Linear system theory describes the system behaviour by the system transfer function 
or by the impulse response function. 

As well known, the transfer function of a linear system can be described by the ratio of 
polynomials in the complex frequency domain. The order of the model is determined by the degree of 
the polynomials (see also Appendix B). The degree of the denominator, n, is assumed to be greater 
than the degree of the numerator m. The roots of the denominator polynomial are called the poles of 
the system. The transfer function can be expanded to partial fractions which contain the poles of the 
system and coefficients of each fraction term. If the pole is a real number p, the impulse response to 
this term corresponds to cxp (pt). This means that if p is a negative real number, the impulse 
response decays away exponentially with time and the response is stable. If the value p is positive, the 
output response increases exponentially and the system is unstable. 
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If the pole is a complex number, also the conjugate number will be a pole. Therefore a pair of 
poles exists, given by 

p = a + i|3 

The impulse response corresponding to this pair is given by 

exp (at) sin (|3t + <p) 

This means that the impulse response exhibits oscillatory time-behaviour with a frequency p 
and the amplitude is determined by a. The values of the conjugate poles determine the oscillation. ïf 
the real part of the pole is negative, then the impulse response decays away with time, the system is 
stable. On the contrary, if the real part is positive, the response shows divergent oscillation; the 
behaviour is unstable. The decay ratio, which is often defined as the ratio between two consecutive 
peaks in the impulse response, can be used to express the stability quantitatively. 

In the approach chosen for stability monitoring the decay ratio is usually determined in two 
steps. In the first step the parameters of the BWR dynamics model, i.e. the system transfer function or 
the impulse response function, are obtained through signal analysis techniques of neutron flux 
signals. In the second step the decay ratio is determined by evaluating this obtained model. The first 
step is called process identification. It is a technique to determine the process dynamics through 
fitting a mathematical model to a set of time-series. The model parameters are estimated, that the 
model can predict the real output signal in the sense of least-square fitting. Different representations 
of such auto-regressive (AR) models or auto-regressive moving average (ARMA) models can be 
chosen for which well known methods are available to identify model parameters by signal analysis 
of time-series data. Once the model parameters are determined, the characteristic functions of the 
system can be calculated: 

the impulse response function is derived by applying the unit impulse in the AR-model 
the power spectrum of the neutron flux can be obtained by Fourier transform of the model 
coefficients 
the auto-correlation function can be derived by making the inverse Fourier transform of the 
power spectrum. 

There exist four most common approaches that are used to determine the reactor stability (see 
also Appendix B): 

evaluating the pole of the transfer functi on 
evaluating the impulse response functi on 
evaluating the auto-correlation function 
evaluating the resonant peak of the power spectrum. 

Among these approaches, the pole evaluation leads to the most accurate estimate of stability 
because it directly evaluates the most significant poles for stability. However, the pole evaluation 
requires considerable numerical effort, therefore, it is often applied to off-line stability analysis. As 
the impulse response and the auto-correlation function are easy to obtain, these methods are 
commonly used in practice. Recently, new techniques are proposed by applying 
neural networks (e.g. ref. [5.11] and Appendix B) and applications in other fields are proposed, e.g. 
ref, [5.12]. 

Additionally to the determination of the decay ratio other parameters associated with stability 
are evaluated, e.g. neutron flux amplitude during time, the resonant frequency and the phase of 
oscillation among LPRM signals at different radial positions. 
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5.4.2.3 Operational experience 

Examples of stability monitors commercially applied, under investigation or development are 
ANNA from SPC (e.g. refs. [5.13] to [5.15]), COSMOS from ABB (e.g. ref. [5.16]) and SIMON 
from EUROSJM (e.g. ref. [5.17]). An example of utility development is the FORSMON monitor 
used in the tliree Forsmark BWRs (ref. [5.24], Before stability monitors are applied in the plant, 
extended tests are performed using time-series data from measurements or using artificially generated 
test-data. During these qualification tests the performance of stability monitors is determined. The 
performance of stability monitors is characterized by the accuracy, the response time and the 
robustness. The accuracy means the deviation of the estimated stability from the real value. The 
response time is a measure for the tracking capacity when the stability condition has suddenly 
changed. The robustness is a subjective but important measure for evaluating the monitor 
performance. It means that it works properly even under all kinds of power disturbances. 

Stability monitors are implemented since 1990 in Swedish plants, e.g. Barseback, Forsmark 
and Oskarshamn, refs. [5,18] and [5.19]. The Swiss BWR plants Muhleberg and Leibstadt have 
installed stability monitors. In a few German BWR plants stability monitors are available to get 
operational experience, hi the Japanese BWR plant Kashiwazaki, Unit 4, which started operation in 
1993, a stability monitor is implemented. Several BWR plants in the US are using stability monitors, 
e.g. réf. [5.20J. 

The primary purpose of the stability monitor is to provide the reactor operator with an early 
warning of the reduced stability margin. The practical importance during operation is related to load 
follow strategy, where a great interest exists to achieve a sufficiently high power in low flow 
conditions with minimum pump speed. In fact, only in this case it is possible to quickly reach again 
nominal power by increasing pump speed. However the studies demonstrated that the monitor is 
useful also for validating the exclusion region as well as getting a better understanding of the stability 
characteristics. The further operational experience should contribute more data on the accuracy of 
these stability monitors before their integration into the protection system.-A specific aspect still 
under discussion is the accuracy obtained under transient conditions in the reactor core. 

5.4.3 Operator aid from stability prediction systems 

For low flow/high power operating conditions associated with unfavourable core power 
distributions, BWR operation requires attention with respect to potential nuclear-thermal-hydraulics 
instabilities. Precalculation of the stability boundary, e.g, during the start-up of a nuclear power plant 
where the stability behaviour differs from the one either precaiculated or measured for a certain 
operating point during the cycle, would increase the plant availability. The movement of the location 
of the stability boundary results from e.g. a changed control rod pattern caused by a different Xenon 
distribution. Therefore, it is of interest to precalculate the stability behaviour of a plant before the 
core power is increased by a new control rod partem or by a mass flow variation. 

Stability precalculations require an advanced 3D-core-monitoring-system which is able to 
predict the neutronics and thermal-hydraulics core conditions in advance. After the core-
precalculations the adequate data can be transferred from the core-simulator to the qualified stability 
code. To get the information on the stability behaviour of the plant in a reasonable time frame 
frequency domain codes with their much shorter computing times are superior compared to the time 
domain codes. 

The predictive capabilities of such a system can be used in two different ways: 

I. a planned power variation can be examined in relation to its influence on the stability 
behaviour of the plant. Such an option is especially helpful during the start up of a plant; 
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2. during the steady state full power operation such a system is able to determine the actual 
stability boundary in predefined time intervals. In this case, e.g. during an operational 
transient event the operator gets information about the actual stability situation with an 
high accuracy. 

Since 1994 such a system is installed in the nuclear power plant WNP-2, ref. [5.21]. It is 
based on the POWERPLEX system and the Siemens frequency domain stability code STAIF, ref. 
[5.22], The system in WNP-2 is primarily used for developing rod patterns prior to.a power 
modification. 

5.4.4 Results from the application of stability monitors 

The BWR core stability monitor capabilities including the techniques for neutron noise 
analysis made large progress in the last few years and additional progress is expected for the near 
future. 

A demonstration of the capabilities of signal noise analysis has already been given in Chapt 2 
(e.g. Fig. 2-13); few additional examples are selected hereafter mostly to give the reader an idea of 
the involved quantities and ways of current use of BWR monitors, as taken from refs. [5.1] and 
[5.25]. 

Important activities have been carried out at the Dodewaard natural circulation BWR in the 
frame of core monitoring, e.g., refs. [5.35] to [5.37], This include pioneering research (e.g. ref. 
[5.35]) and fundamental studies, well recognized in this area (e.g. refs. [2.42] and [5.11]). Even 
considering the peculiarities of the Dodewaard BWR (low nominal power, 54 MWe, Dodewaard is 
the only operating natural circulation power reactor) specific results are not considered in the 
following. 

Example 1: Sudden reduction of stability margin, ref. [5.23] 
On June 20th 1992, a sudden stability state change was experienced at Barsebâck unit 1 (B-

1), when the reactor was subjected to a weekend load follow operation. The reactor power was 
reduced down to ~ 57% and kept on the same level for about 20 hrs. In the mean time the core flow 
was constant at ~ 2500 kg/s. The DR was 0.5+0.1, which was normal in reference to the past 
experiences. At 3:00 hrs several neutron signals indicated rapid increase of the DR value beyond the 
alarm limit. The operator crew kept watch on the DR value for a while and then decided to increase 
the core flow with a couple of hundred kg/s in order to improve the flow to power ratio. As the 
consequence, the reactor power was shifted slightly up to - 60% and the DR decreased down to the 
previous value of 0.4-0.5. Figure 5-2 shows the time history of the above mentioned event. It should 
be noted that not only the DR but also the signal amplitude for all neutron noise signals indicated the 
stability margin being reduced. 

At B-l, the operator made use of the information from the stability monitor to take an action 
to keep away from the region with a risk for instability. This event has demonstrated that a stability 
monitor is a useful and beneficial instrument which can support the operator for taking an appropriate 
measure to recover the stability margin. 

Example 2: Validation of the exclusion region 
Oskarshamn 2 is a BWR of the first generation built by ABB-Atom. The reactor has been in 

operation since 1974 with the rated power of 580 MWe (upgraded to 600 in 1988). At 0-2 a strategy 
was made on the stability problem so that the operational region should be limited in the power-flow 
map and its region should be checked by a stability monitor. According to this strategy, SIMON was 
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Fig. 5-2 - Time history of the event where the sudden DR increase occurred at Barsebâck 
unit 1; P-P: peak-to-peak, RP: reactor power, CF: core flow, DR: decay ratio, 
Ref. [5.1]. 
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Fig. 5-3 - Stability test to validate the exclusion boundary at Oskarshamn unit 2 indicating 
a satisfactory stability margin at the boundary, Ref. [5.1], _____ 

SOAR ON BWRS - CÏÏAPT. 5 

5/16 

210 



introduced and installed in August 1990. Since then the monitor has been operating successfully. 
Figure 5-3 shows an example of the stability measurement to check the excluded region. The DR 
does not exceed the fixed boundary condition, i.e. 0.8 within the region. Experiences indicate that 
with the stability monitor it is more efficient, systematic and safer to validate the exclusion region 
than with off-line tests alone in that it allows the confirmation of the stability parameter on-line. 

Example 3: Experience from a stability test 
Miihleberg BWR is a General Electric (GE) boiling water reactor owned by Bernische 

Kraftwerke AG (BKW) in Switzerland. It has been in operation since 1972 with a rated power of 320 
MWe. 

A series of stability tests were conducted at this reactor in the period of February 23rd-25th 
1994 as a part of licensing tests for the power uprating. The test was quite comprehensive in that it 
covered most of the reactor operational conditions regarding stability-related issues, i.e. the power 
increase/decrease along the upper operational limit line between full power and about 60% by 
changing the coolant flow, recirculation pump trips, and control rod insertion/withdrawal. Figure 5-4 
shows the time history of the stability parameters during power decrease by reducing the recirculation 
flow and the successive pump trip. When the reactor power gradually decreased, the DR began to 
increase systematically and registered the maximum value of 0.75 at the reactor power of-62% and 
the core flow of -45%. When the recirculation pump was tripped, the DR exhibited rapid increase 
going far beyond the alarm level of 0.8, reaching as high as 0.95. Then the DR value tended to 
decrease very slowly, probably due to redistribution of the Xe concentration after the large power 
change. 

_ _ Decay Ratio ti«e history dt= l . (nin) -
E * n o Variable; «ax DR tire fr,' 94-82-25 13:28 *£_ )£. 
W r ? F**e; DK948227.KKM to; 94-02-25 14:18 K± (?}, 
20. r 1.0 

15. 

10. 

Lo.o. 
Blk;4748-479B 

on / 

pump trip 
40. J 30. 

Tine fmiïiJ 

Fig. 5-4 - Time history of the stability parameters during the power decrease by reducing 
the recirculation flow and successive recirculation pump trip at Muhleberg BWR; 
P-P: peak-to-peak, PR: decay ratio, RP; reactor power, Rcf. [5.1). 

SOAR ON B WHS - CIÏAPT. 5 

5/17 

211 



Example 4: Stability evaluation, réf. f5,24] 
Kashiwazaki Kariwa Unit 4 is the newest BWR built by Hitachi in Japan. The reactor is 

operated with the rated power of 1100 MWe, having started generating power in December in 1993 
and entered the commercial operation since August 1994. A computer Work Station based stability 
monitor was installed and has been following the stability since the very beginning of the reactor 
operation. Two unique features of this monitor are that it covers all the LPRJvI strings and APRM 
channels by collecting 64 channels of input signal, and that it monitors the global, local and regional 
instability modes simultaneously. 

A recirculation pump trip test was conducted during the commissioning operation. The test 
was carried out by tripping one recirculation pump at the rated power. Figure 5-5 shows an example 
of the plotting with the play-back routine to reproduce the time behaviour of the stability state 
change. It is easily seen that the reactor state came close to the left-upper corner of the operational 
map. The DR exhibited only a minor increase and so did the amplitude. 

Amplitude (P-P) Decay Ratio (DR) 
X« f-fi O.Se * HMxB&i 0.1S4 Sel Xmx 0.122 

P - P 0*-J25 WW-r AHBW^ DR 

^SE ^r. 
Xû*e (win). 

Spatial Power oscillation Phase 
Kuc Ihtaet 78.3 éeg. 
48-338 __ 1C-33B Phase 

•180 

TIM (««in). 

Honltor Started: 940615 10:00 
Current Time: 940615 11:54 

US Reactor Pooer: 35.2S X Cor* Sloe: 30.26 X 

15 &~ 
cox» now (*) 

€> «ax OR: 0.154 /FXK-F 
• Hue P-P: O.Sfi x 08-328 
© KM Fbuct 79.3 ttea> 48-3311 16-33B 

Fig. 5-5 - Play-back of recorded stability parameters to reproduce their time behaviour 
during the recirculation pump trip test at Kashiwazaki unit 4, Ref. [5.11. 
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The time history of the maximum DR and maximum amplitude among all neutron flux 
signals, together with that of the reactor power and core flow, are reported in Fig, 5-6. In spite of the 
large transient introduced at the moment of pump trip, the monitor managed to follow the stability 
state continuously. The result of stability monitoring indicated that the reactor was quite stable when 
the reactor state suddenly moved to the left-upper comer in the power-flow map due to a recirculation 
pump trip. The result given in the figure clearly are an indication of the robustness of the monitor 
even for such a severe transient. 

Stability data have been accumulated during the commissioning period to check the validity of 
the so-called stability limiting curve in the power-flow map. As shown in Fig. 5-6 with two typical 
start-up data, the maximum DR values was not higher than 0.4 and the maximum amplitude not more 
than 2.5% in the entire operational map. Different DR values were observed at different occasions in 
the same left-upper corner of the power-flow map. The main reason for this is supposed to be the 
different axial power profile in the two cases. From the result presented in Fig, 5-7, it is judged that 
the stability limit curve set up in the operational map is very conservative. 

Fig. 5-6 - Time history of stability parameter behaviour during the recirculation pump trip, 
demonstrating that the reactor is very stable in the low core flow region and also 
that the monitor managed to follow the stability state continuously without being 
disturbed by the transient, Ref. f5.ll. 
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Fig. 5-7- Plotting of the result of stability evaluation on the power-flow map for 
Kashiwazaki unit 4, indicating very conservative set up of the stability limit curve, 
Réf. [5.1J. 

Example 5: Off-line stability evaluation 
The stability parameter dump file was analyzed with reference to the Barsebâck unit I to 

evaluate the correlation between the local stability state and the physical state in the core. A series of 
stability tests were conducted at B-l during start-up operation after the regular outage in 1991. The 
stability was evaluated at three power-flow conditions, i.e. (65%, 2490 kg/s), (67.3%, 2490 kg/s) and 
(72.3%, 2794 kg/s), respectively. 

Given in Fig. 5-8 is the result of this stability test, indicating the increasing DR when the 
power was increased from 65 to 67.5% and, on the contrary, the decreasing DR when the core flow 
was increased from 2490 to 2790 kg/s. The result suggests that the core flow increase is quite 
effective to improve the stability condition. 

Table 5-2 summarizes the DR values of all the neutron signals at the three operational points. 
The result is also given in Fig. 5-9 with bar graphs. From the figure the following can be observed: 

• all the DR increased when the reactor power increased from 65 to 67.3%, and then decreased when 
the core flow was increased from 2490 to 2790 kg/s; 

• the DR is considerably different for different LPRMs, ranging from 0,15 to 0.68 (in the second 
test); 

• LPRMs-14 and -19 registered high DR, while LPRM-21, -07, and -11 registered low DR, and so 
forth. 
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Fig. S-S - The result of stability test at Barsebâck unit 1 during start-up operation after 
regular outage in 1991, exhibiting the DR increase with increasing the reactor 
power and the PR decrease with increasing the coolant flow, Ref. [5.1]. 

Variable 

APRM 
LPRM-21:3 
LPRM-0.1:3 
LPRM-02:1 
LPRM-02:3 
LPRM-04:4 
LPRM-07:3 
LPRM-11:1 
LPRM-11:3 
LPRM-11:4 
LPRM-14:1 
LPRM-14:3 
LPRM-16:! 
LPRM-16:3 
LPRM-19.-3 

DR at 
(65.0%, 2490 kg/s) 

0.63±0.05 
o.mo.io 
0.39*0.11 
0.50*0.06 
0.38±0.13 
0.40±0.10 
0.08±0.09 
0.42±0.09 
0.44±0.12 
0.14*0.09 
0.49±0.09 
0.52±0.10 
0.38±0.1I 
0.24±0.13 
0.49*0.09 

DR at 
(67.3%, 2490 kg/s) 

0.68*0.05 
0.25*0.12 
0.49±0.09 
0.55*0.06 
0.52*0.07 
0.48*0.10 
0.14±0.08 
0.51 ±0.07 
0.50*0.09 
0.15*0.11 
0.57*0.06 
0.62*0.05 
0.45*0.08 
0.37*0.10 
0.58±0.07 

DR at 
(72.3%, 2790 kg/s) 

0.47*0.07 
0.07±0.05 
0.21*0.13 
0.25*0.12 
0.17*0.11 
0.21±0.12 
O.05±0.06 
0.24*0.14 
0.23±0.12 
0.06*0.05 
0.27*0.13 
0.35*0.11 
0.20*0.12 
0.13*0,09 
0.31±0.11 

Tab. 5-2 - Result of the stability test during start-up after the regular outage in 1991 at 
Barseback unit 1, Ref. [5.11, 
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Fig. 5-9 - Summary of the DR from stability measurements at Barsebàck, Réf. [5.1 j . 

Correlating the above result with the physical condition in the core, we can find that the high 
DR is observed for LPRMs relatively close to the region with hot spot in the core, while the low DR 
is observed either at the marginal place in the core (LPRM-21) or in regions which are close to a 
control rod that is deeply inserted in the core (JLPRMs-07 and -11). It may be noted how this result 
correspond to that discussed under sect 3.3.2.1 in relation to a boiling channel related experiment 
performed in PIPER-ONE apparatus. 

Example 6: Off-line stability evaluation - regional oscillations, ref. [5.25] 

The fact that global and regional oscillations may exist concurrently represents an additional 
complication when applying any neutron signal analysis technique and when interpreting the results. 
A regional stability evaluation method was previously proposed in refs. [4.7] and [4.17], An 
application from ref. [5.25] is discussed thereafter. 

The considered event was experienced during the start-up of the Ringhals-1 BWR in summer 
1990 ref. [5.26]. The primary observation was that the decay ratio, as determined from either APRM 
or LPRM signals, appeared to behave "discontinuously" as a function of the position on the power-
flow map. With some simplifications, this can be described as follows. The power was raised in equal 
steps such that in each step the operating point approached the critical point on the power-flow map. 
In all operating points a noise measurement was made, and the decay ratio was calculated. In all 
measurement point except one, ref. [5.27], the decay ratio remained relatively low (<0.7) and 
increased moderately when approaching an identified point in the power flow map. In that point DR 
jumped quickly to unity. 

The model proposed in ref, [5.25] is based on the existence of two concurrent oscillations 
with the same resonance frequency but different amplitudes and decay ratios. Thus, it is assumed that 
the flux fluctuations can be described by a two-term series expansion as 
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i'=0 

where <j)0(r) is the critical flux (fundamental mode) and <j>i(r) is the first azimunthal mode. 
The results are shown in Fig, 5-10 where the overall decay ratio (full line) is reported together 

with DR characterizing regional and core wide oscillations. In the horizontal axis, a generic (not 
necessarily identifiable) parameter moving the operational point toward the instability in the power 
flow map is reported. The system behaviour is characterized by the total DR. This parameter is well 
represented by the global oscillation related value until the regional oscillation related value achieves 
a unity value. At that time the system is controlled by the regional parameter and becomes unstable, 
though the global decay ratio value remains well below unity. 

Fig. 5-10 - Behaviour of the decay ratio as a function of DR for regional and global 
oscillations, Réf. [5.25J. 

Example 7: Prediction of stability boundary 

The Oskarshamn unit 3 (0-3) is a BWR with internal recirculation pumps. The reactor has 
been operated since 1982 with the rated power of 1050 MWe. In October 1993, during the start-up 
operation after a scram the stability monitor was in operation. From the recorded stability data, it was 
confirmed that a max DR of 0.76 was achieved at a reactor power of 68% and a core flow of 4500 
kg/s. Frçjure 5-11 shows the time history of stability condition during the reactor start-up after a 
scram. The maximum amplitude of oscillation was of - 2% and the maximum phase shift of ~ 60 
degree. It means that the power oscillation was in the global mode. As observed in Fig. 5-11 the 
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reactor state was kept stationary for about 4 hours at 68% and a core flow of 4500 kg/s, during which 
time the DR exhibited a large decrease from 0.7 to 0,4. A closer examination of the reactor 
operational history, however, shows that the reactor power also went down very slowly from 68% to 
64% with constant slope, while the core flow was kept constant. It is interpreted that the DR 
decreased due to the power redistribution and reduction due to a Xe transient. 

The examination of the reactor power and DR changes leads to a linear relation between them. 
A simple linear curve fitting and its extrapolation was made for both the reactor power and DR in the 
time interval from 4 hrs to 8 hrs in Fig. 5-11. From this fitting the slope of ~15%/hr was found for 
APRM and ~75% as the stability boundary. A more conservative estimate was made by drawing a 
parallel line to the DR fitting line by taking into account the DR scatter, which resulted in the power 
level of 72%. The result is plotted in the O-3's operational map in Fig. 5-12. 

The stability boundary appears to be just above the upper limit line for the operational region. 
This indicates that the reactor should be stable within the permitted operational region along the line 
of constant core flow at 4500 kg/s. 

Decay Ratio Tine History 
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Fig. 5-11 - Prediction of the stability boundary based on a linear curve fitting to the recorded 
stability parameters, resulting in the stability boundary at about the reactor 
power of 75% for the core How of 4500 kg/s, Réf. [5.1 J. 

5.5 Current Strategies for Prevention and Mitigation of Instability 

The methodologies and solution concepts to protect against adverse consequences of 
instabilities are following two complementary strategies: the prevention approach and the detection 
and suppression approach, both provide the basis for protection system designs. The objective of all 
solutions is to provide automatic protection for oscillations occurring in the plant. The broadest 
analysis of different strategies has been performed by the GE-BWR Owners Group, refs. [5.28] to 
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[5.30] to work-out long term stability solutions. Other implemented solutions have been developed by 
vendors or utilities on the basis of specific plant conditions, in particular, the mentioned documents 
are the industry response to the concerns raised by the licensing authority, hi this view some more 
details from the above reports are given under sect. 7.1.3 where the licensing concerns are also given 
with some detail. Hereafter, some more general view on the subject is provided, as also resulting from 
refs. [5.313 to [5.33]. 

It should be noted that the proprietary nature of the relevant information prevents the 
possibility to discuss into detail what specific steps can be taken from the points of view of the fuel 
vendor or of the core reload designer, to deal with the stability issue. Just to mention some examples, 
improved fuel design may be achieved by modifying spacers, fuel outlet pressure drop, void 
coefficient and by introducing PLR (see also sect 3.3.1.5); reload design can be improved by 
controlling through the loading patterns the eigenvalue separation of the out-of-phase mode (i.e., by a 
proper control of the radial power distribution achieved through individual fuel bundle positioning). 
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Fig. 5-12 - Plotting of the stability boundary on the operational diagram of 0-3, obtained 
from a simple prediction using the recorded stability data, Ref. [5.1]. 

5.5.1 Design Aspects 

The design criteria require that the reactor and associated protection system is designed such 
that power oscillations are not possible, or can be readily detected and suppressed without exceeding 
specified fuel design limits. The prevention approach demonstrates compliance by calculating decay 
ratios for allowable operating conditions and restricting operation by defining exclusion areas, if 
necessary, so that potentially unstable power/flow conditions are not encountered. Alternatively, the 
detection and suppression approach satisfies criteria by using plant instrumentation to detect and 
suppress oscillations prior to exceeding fuel design limits. The typical detection and suppression 
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system monitors LPRM or APRM signals, and initiates an automatic suppression function when 
oscillating signais reach a predetermined level. An automatic suppression function may be a scram or 
an insertion of a preselected group of control rods to reduce power (SRI = selected rod insertion). 

5.5.2 Implemented strategies 

An overview of implemented strategies, that are of general interest to cope with the BWR 
stability issue, is given below. Specific details related to the reaction of the US industry to the NRC 
requests can also be found in sect. 7.1.2. 

Regional exclusion 

The basic approach uses an exclusion region and a restricted region in the power/flow map of 
possible operational conditions. The exclusion region is determined by analytical methods and lies in 
the range of low flow rates and high power. This region may be confirmed by operational 
measurements during the start-up phase after refuelling. The stability behaviour near the boundary or 
within these regions may be supervised by a stability monitor, which informs the operators on the 
stability conditions in the actual operating state and gives an early warning that the stability margin is 
decreasing. The exclusion region is kept administratively (i.e., operator checks) or may be enforced 
by automatic safety functions like a control rod withdrawal block, an automatic insertion of selected 
rod groups or even by a reactor scram, in some plants the sliding neutron flux trip line is lowered in 
the low flow region and in addition the scram is initiated undelayed. Usually it is preferred to perform 
a predefined power reduction and to avoid the initiation of reactor scram. In order to limit these 
countermeasures to the low flow region the actions are combined with a measurement of the total core 
flow rate, usually a pressure difference measurement across the lower core plate. 

Quadrant APRM 

In some GE-plants, only BWR/2 design, quadrant specific APRM signals exist. Therefore, an 
oscillation detection algorithm evaluating these APRM signals can detect regional oscillations and 
activate an automatic safety function. 

Power reduction derived from recirculation pump trip or loss-of-feedwater preheater 

As the operational region of low flow rate and high power is entered during transients like 
recirculating pump trip or pump-trips combined with a loss of feedwater preheater, some 
countermeasures to prevent instability are directly combined with such events. Therefore, in some 
plants, an automatic power reduction is performed by selected rod insertion if such plant transients 
occur. 

Actual Power Flow Map 

It seems worthwhile to show two typical flow maps including indications of restricted zones 
and set points to cope with the instability problem. These are represented in Figs. 5.13a) and 5.13b) 
respectively related to a jet pumps and an internal pump reactor. 
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5.5.3 Strategics for future applications 

LPRM based system 

For the detection of regional oscillations, it is unavoidable to analyze LPRM signals. It is 
desirable to cover as many LPRM strings as possible. Upon identification of neutron flux oscillation 
of a thermal-hydraulic instability, the systems initiates an automatic safety function that suppresses 
the oscillation. The BWR-owners developed an "option III" (see also sect. 7.1.2), which is a 
microprocessor-based system analyzing LPRM signals by oscillation detection algorithms. This 
solution will automatically initiate a scram if oscillations are detected, that grow to a predetermined 
amplitude. In this proposed solution a new OPRM-trip function is introduced, (OPRM - oscillation 
power range monitor). The LPRMs are grouped into multiple cells that monitor localized neutron 
flux. The cells for each trip channel radially cover the entire core. An algorithm has been developed to 
provide a reliable trip function. It uses a period-based detection algorithm. A confirmation is achieved 
when consecutive peaks periods fall within a preset time-tolerance. With appropriate filtering, 
tolerances and minimum/maximum period setpoints, this confirmation count is a reliable indication of 
oscillations. If this count exceeds a trip setpoint then a reactor trip signal is generated. 

The system uses an algorithm which contains sufficient logic to prevent actuation by most or 
all plant events which are not related to instability. The different solutions proposed may differ in the 
way of selecting or grouping of LPRM signals and the applied algorithms to evaluate those signals. 
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6. PLANT BEHAVIOUR 

This chapter deals with the behaviour of the plant with regard to power oscillations in the 
core. The General Design Criterion 12 (see also Chapter 7), which addresses stability, points at two 
alternative ways of handling the issue: either to show that instability will not occur or, if it does, to 
detect and suppress the oscillations before specified fuel design limits are exceeded. Today most 
operators follow the second approach. Therefore, the behaviour of the plant in and close to the 
unstable operating domain has lately been studied extensively both experimentally and analytically to 
provide the information and knowledge needed in order to find methods of loading the core and 
operating it that will fulfil the GDC 12. Means of monitoring stability margins and suppressing 
power oscillations are discussed in Chapter 5. 

When instability occurs the core can normally be expected to oscillate in one of two different 
modes (or, in special cases with overlapping of the two modes). The fundamental mode is the in-
phase, or global, mode where all fuel bundles oscillate together in phase; the other is the first 
harmonic mode, or out-of-phase, or regional, mode, where one half of the core oscillates out of phase 
against the other half (cf. the discussion in Chapter 2). With the present in-core safety system, based 
on average power range monitors (APRMs), it may be difficult to make a proper on-line evaluation of 
the severity of regional oscillations. On the other hand, it is generally believed that the present safety 
systems will adequately protect the reactor and its fuel in the case of global oscillations (for the 
special case of anticipated transients without scram, ATWS, see Section 6.4). Apart from the safety 
aspect on BWR stability, there are also the aspects of availability of the plant and of operator 
awareness and know-how. All these aspects have contributed to the decision taken by many European 
utilities to perform stability measurements regularly. These measured data serve the multiple purpose 
of verifying that the stability boundary lies outside the operating domain, providing a good means of 
validating calculational models and giving valuable insight in the stability characteristics of the plant 
and thereby also giving the operator a better understanding of the instability phenomenon. 

One advantage with planned measurements is that data taken are often more reliable than data 
taken during incidents, thus being more suitable for code validation. One example of this is the NEA 
Nuclear Science Committee Stability Benchmark using data from several cycles of the Swedish 
Ringhals 1 reactor. This benchmark was designed with the dual purpose of allowing both model 
adaptation against known experimental data as well as real prediction against a set of blind data 
where only the operating conditions and reactor state points during measurements were given. The 
modelling of BWR core stability is such a complex task that a code could hardly be considered fully 
validated without results from true prediction. The final report from the NEA Stability Benchmark is 
scheduled for mid-1996. The main conclusions from the Benchmark are given in Section 6.3. 

The approach taken by utilities to the stability issue is clearly different in Europe as compared 
to USA and Japan. 

fa the following we start in Section 6.1 with a review of plant tests, which describes the 
purpose and main results of planned campaigns of stability measurements and how they were carried 
out This is followed by Section 6.2 discussing events where instability was observed (some of these 
events were briefly mentioned also in Section 2.2). In recent years these events have prompted a 
renewed interest and concern for the stability of the BWR. In this context it is worthwhile to point out 
that the development in recent years of advanced BWR fuel with 9*9 and 10*10 rod lattices has made 
both vendors and utilities more aware of the factors that govern core stability and how to balance 
them. These fuel types allow operation with higher radial and axial peaking factors than 8*8 fuel. If 
this potential for improved fuel utilization is used, the core stability margin will decrease, as 
discussed in Section 2.3.4. To compensate, an improved channel stability is achieved through careful 
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fuel design. Today, many utilities demand that the channel stability of a new design must be at least 
as good as that of a previously adopted design. Then, in the reload design and in the operation of the 
new fuel, the operator will have to make sure that the core has an acceptable stability margin for 
operation everywhere in the operating domain throughout the cycle. Special care should be taken in 
mixed cores with 8*8 fuel since the new designs tend to have a higher total pressure drop over the full 
height of the assembly, which leads to smaller bundle flow at the same radial power, which is 
destabilizing. This fuel development, together with the improved fuel utilisation, has in many cases 
lead to restrictions in the operating domain in the region of low flow-high power (see Section 5.5.2). 

In the Section 6.3 related to model applications, the calculations that have been performed 
against data from both incidents and planned stability measurements are summarized. It is observed 
that most calculations were done "after the fact" using the known data to tune the respective models. 
Results from true predictions are still scarce. This is a sign that many codes for BWR stability 
simulation are still not mature in the sense of being a reliable tool in best estimate calculations. This 
fact is acknowledged by those utilities who base the verification of the stability of the reloaded core 
on measured data. When measurements are not taken, the utility normally will have to rely upon a 
conservative analytical approach and methodology to govern the reload design and verify the stability 
margin before startup of a new cycle. However, there are also examples of utilities using best-
estimate codes for these purposes. 

The last two sections deal more directly with the safety aspects of core power oscillations. The 
Section 6.4 of prediction of plant behaviour considers hypothetical, extreme consequences of non-
damped oscillations, cases where there are no data today. It should be emphasized that the models are 
here extrapolated into a region where their validity is questionable. Also, we should keep in mind the 
fact just mentioned that even in the much less dramatic cases the models 
can not generally be considered validated yet. Finally, in Section 6.5 the various failure 
mechanisms that could threaten the integrity of the fuel in case of extreme core power oscillations, are 
addressed. 

6.1 Review of Data on Plant Tests 

In this section planned stability measurements are discussed, together with their purpose and 
how they are performed and some of their results. There is a rapidly increasing wealth of such 
information, since measurements are made regularly by many utilities in Europe. For the purpose of 
this report a selection has been made of data to give examples representing reactors of different 
design, BWR-fuel of different design and also different ways of performing the measurements. The 
examples given are, therefore, by no means a complete review of all existing measurement 
campaigns. 

The policy of doing stability measurements varies from one country to another. Thus, no 
measurements are taken in USA and Japan (except as part of the startup testing at beginning of life) 
while the BWR operators in Sweden and Finland are obliged by their respective safety authority to 
perform at least one campaign every cycle in order to show the stability boundary at BOC (see also 
Chapter 7). Also in Germany, it has become general practice to perform stability measurements, or 
precalculations, and in Switzerland measurements have been taken on a case by case basis for special 
purposes. 
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6.1.1 Stability Tests in German BWR Plants. 

Since the middle of the last decade, it has become normal practice in German BWRs to 
perform core stability measurements, as indicated by Tab. 6-1. Normally, they are carried out by a 
direct approach to the stability threshold and a setup of distinct limit cycles for various operating 
points, as described later. On the other hand, the determination of DRs from neutron flux noise data 
for operating points below the stability threshold îs used additionally in some German plants. It 
should be kept in mind that, among the German BWRs discussed in the following, the Wurgassen 
NPP has jet pumps while all the others have internal pumps. 

Date 

830921 
8404-05 
841123 
851203 
860412 
860702 
870128 
870527 
881016 
890102 

Plant 

KKM 
KRB-B 
KRB-C 
KKB 
KKM 
KKK 
KKK 
KKM 
KWW 
KKP-1 

Rated. 
power 
(MW) 
907 
1300 
1308 
806 
907 
1316 
1316 
907 
670 
900 

No. of 
channels 

8 
240 
16 
16 
16 
16 
8 
8 
8 
8 

No. of test 
points 

6 
12 
18 
18 
22 
24 
11 
14 
10 
18 

Max. 
decay 
ratio 
0.9 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Type of limit cycle 
In-phase Out-of-phase 

-
yes 
-
yes 
yes 
yes 
yes 
yes 
yes 
yes 

-
yes 
yes 
yes 
- • 

yes 
-
-
-
yes 

Tab. 6-1 - Summary of stability tests performed by KWU in its plants. 

6.1.1.1 Wiirgassen NPP 

Usually, stability measurements at the stability threshold are done once in a cycle, but in the 
14th cycle of the Wurgassen plant (KWW) the authorities demanded testing within monthly intervals 
in order to examine the exposure-dependent behaviour of the stability threshold during the course of 
the cycle (ref. [6,7]). 

To approach the stability threshold in the low-flow/high-power region of the operating 
domain (see Fig, 6-1), either single-loop operation with minimum speed on the remaining 
recirculation pump or natural circulation has to be chosen. Since KWW is mostly operated as a base 
load plant, considerable load reduction is necessary for each stability test. Therefore, these 
measurements were combined with monthly surveillance tests of other plant systems that also require 
partial load operation. In the following, a typical sequence of steps carried out during a stability test is 
described. A few days in advance of the test, the control rod pattern was adjusted to get rated power 
with exactly 100% mass flow (point A in Fig. 6-1). This defines the 100% control rod pattern for the 
equilibrium Xenon condition. The test procedure then started with load reduction by flow control 
along the 100% rod line. Minimum speed of the recirculation pumps was reached at point B. 
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Thereupon, reactor power was reduced by rod insertion on the minimum pump speed line to a 80 to 
85% rod line (point C) in order to increase margin to the stability threshold for the ensuing pump trip. 
After that, one recirculation pump was valved out by closing its main pressure side valve (point D). It 
should be noted that such a procedure may introduce uneven fluid temperature (subcooling) 
distribution in the lower plenum (this may favour out-of-phase oscillations). 

The stability threshold (point E) was then approached by repeated withdrawals of control rod 
groups in small increments and with appropriate waiting periods between them to continuously 
preserve quasi-equilibrium thermal-hydraulic conditions. This was found to be favourable in 
establishing a neutron flux oscillation with more or less constant amplitudes in the predefined range 
of 5 to 10% rated power, i.e. a limit cycle well above the neutron flux noise level. 
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Fig. 6-1 - KWW core map. Typical sequence of steps during a stability test, 
Ref. [6.7], 

The oscillations were monitored by normal control room instrumentation consisting of 4 
APRM channels (display and record) and all 96 LPRM channels (display only). Additionally, the 
output of a digital stability monitoring device, which continuously determines the mean amplitude of 
an APRM channel flux signal, was recorded together with all APRM signals on a special 
multichannel recorder running at higher speed than standard control room instruments. For time 
intervals of interest, plots of preselected variables (pressures, mass flows and APRM and LPRM 
signals) were taken subsequently from the plant data logging computer system. These records showed 
that all oscillations that occurred in KWW during the tests were of a global nature. Some typical 
results are shown in Fig. 6-2. 
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In some cases, the stability measurement was repeated at natural circulation. From previous 
measurements it was known that the stability threshold at natural circulation is on a higher control rod 
line as compared with single-loop operation, therefore, the changeover from point E to natural 
circulation was done simply by valving out the remaining recirculation pump (point F). The stability 
threshold (point G) was approached again by stepwise withdrawal of control rod groups. 

It was found in all tests at natural circulation that either the stability threshold could not be 
reached or the core exhibited oscillations of persisting growth rate. Thus, within the range of 
acceptable amplitudes, it was not possible - as it was for single loop operation - to achieve constant 
limit cycles behaviour. About 1 minute after the oscillations had become visible (and rod withdrawal 
consequently halted), they had grown up to an amplitude requiring quenching by continuous ganged 
rod insertion. This ended in complete suppression of the oscillations (Fig. 6-3). 

As a general rule, all control rod withdrawals and insertions followed the normal, predefined 
rod sequence. Automatic sequencing with simultaneous motion of up to eight rods in two groups was 
accomplished with the help of the standard rod positioning processor. 
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Fig. 6-2 - Record of selected variables taken during stability measurement. Amplitudes and 
zero phase-shift of APRM and LPRM show in-phasc neutron flux oscillations, Rcf. 
[6.71. 

When the stability measurements were finished, sufficient control rods were inserted to 
position the reactor core on a rod line well above the stability threshold for single-loop operation in 
order to put the recirculation loops back into operation. 
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Fig. 6-3 - Stability measurement at natural circulation. Growth of amplitudes at constant 
rod pattern and delayed damping during non-scram rod insertion, Ref. [6.7]. 

Fig. 2-10 at page 2/21 shows the results of all stability measurements of cycle 14 in KWW. 
When the stability threshold at natural circulation was approached, this operating point always 
showed a higher damping than the single-loop operating point. Furthermore, a strong dependence of 
the stability at single-loop operation on operational plant parameters, which vary during the cycle, 
could be demonstrated. On the other hand, operation at natural circulation shows less sensitivity. This 
is an important observation since it implies not only that the stability threshold itself varies during a 
cycle, but also the shape of the stability boundary in the core map is a function of plant parameters. 

As mentioned before, during natural circulation the oscillations showed a growing amplitude 
and a limit cycle was not established. This differs from the experience gained in other German 
BWRs. A main difference between KWW and the other German BWRs is that only the former is 
equipped with jet pumps while the others have internal recirculation pumps. During natural 
circulation, the mass flow is smaller in a BWR with internal pumps than in a BWR with jet pumps. 
This is caused by a smaller pressure loss over the jet pumps than the internal pumps when the pumps 
are blocked. 

6. LJ.2 Gundremmingen NPP 

The following are some observations on the special behaviour of out-of-phase limit cycle 
oscillations during natural circulation in the Gundremmingen plants (KRB B/C) during 
commissioning tests. They are an excerpt from ref. [6.83 where more details are given. The limit cycle 
oscillations observed in the neutron flux slightly above the stability threshold were in the regional 
mode, with one half of the core appearing to be out of phase with the other half. The amplitude of the 
APRM signals, being a weighted summation signal of several LPRMs, was only a fraction of the 
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amplitude observed in LPRMs. Figs. 6-4 and 6-5 show the vector diagrams obtained by directly 
fitting an exponentially increasing sine-function to the neutron flux (LPRM) signals for a period just 
after the stability threshold was reached in KRB units B and C. The length of each arrow corresponds 
to the amplitude and the angle of inclination to the phase difference between each LPRM signal and 
an arbitrary chosen reference LPRM. The arrow origins are tho respective core positions of the 
detectors. The snap-shot thus shows the situation at the first instant of the period selected for 
analysis. The inset in Fig. 6-4 shows that the LPRM signal amplitude decreases in the axially upward 
direction due to power distribution peaking in the lower half of the core. A phase lag of 
approximately 90° between the lowermost D-level LPRM and the uppermost A-level LPRM can also 
be scon in this figure. Figs. 6-6 and 6-7 show successive vector plots obtained during the period in 
which the stability threshold was crossed in KRB-C. The corresponding instants are marked on Fig. 
2-3, which shows the onset of instability. The time series shows that the regional oscillation mode 
developed from an initially random situation (Figs. 6-6 and 6-7) and later became well defined with a 
nearly "north-south" axis of neutral phase. The peak-to-peak amplitudes, relative to the local average 
power, are nearly constant. 

6.1.1.3 KrummelNPP 

Out-of-phase oscillations have also been observed during measurements carried out in the 
past in the Krummel plant (KKK). They are documenting the transition from a full 8*8 to a full 9*9 
core. The stability boundary measured at KKK showed only small changes between the 110% and the 
115% rod line. This variation is caused by differences in the core loading between successive cycles. 
The stability behaviour of the plant has been kept in the same range because of the inherent improved 
stability behaviour of the ATRIUM 9 fuel assemblies (the improvement in stability performance is 
mostly due to changes in pressure drop distribution along the fuel). This is remarkable because, 
compared with the full 8*8 core, the 9*9 core has a 30% higher enrichment (higher enrichment causes 
a more negative void coefficient, ci Section 2.3.4). In addition, both the axial and radial peaking 
factors have been around 15% higher than the ones of the 8*8 core. 

6.LIA Bmnsbiittel NPP 

Finally, core stability tracking was done over several cycles in the 806 MW(e) Brunsbiittel 
(KKB) reactor, to follow the evolution of the core stability characteristics when introducing a new 
fuel type (ref. [6.9]). The measurements were carried out in a similar way as already described, 
tripping three to five out of totally eight recirculation pumps from the point in the operating domain 
where all pumps were at minimum speed. In some cases rods were also pulled. The decay ratio was 
evaluated from noise signals in each of the state points reached by tripping the pumps. During the 
first campaign, conducted at EOC7, the stability boundary was approached. It was then possible to 
demonstrate that when the new SVEA 8*8 fuel was gradually introduced, the fractional content of all 
bundles in the core increasing from less than 2% in cycle 7 to about 65% in cycle 10, the decay ratio 
did actually decrease. 

6.1.2 Stability Tests in Swiss BWR Plants. 

Apart from one test in 1994, in the Muhleberg reactor, all stability testing was performed in 
the Leibstadt reactor. 
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6.1.2.1 LeibstadtNPP 

The Leibstadt reactor (KKL) is a 3138 MWth BWR/6 designed by General Electric. The 
neutron flux instrumentation consists of 4 SRM, 8 IRM- and 35 LPRM-instrument tubes. Each of the 
35 LPRM tubes contains 4 detectors at different axial locations. The 140 LPRJM detector signals are 
combined into 8 APRM signals. KKL is a jet pump reactor. 
The operating parameters and main results of the tests are given in Tab. 6-2, ref. [6.4]. 

Date 

840916 
841009 
841009 
841009 

900906 
900906 
900906 
900906 
900906 

930911 
930911 
930911 
930911 

Test 
Point 

1 
2 
3 
4 

1 
2 
3 
4 
5 

1 
2 
3 
4 

Power 

(%) 
75 
46 
56 
51 

61 
55 
51 
59 
58 

68 
62 
59 
43 

Flow 

(%) 
40 
29 
31 
32 

76 
36 
37 
37 
36 

45 
40 
36 
28 

Feedw. 
Temp 
( ° Q 
198* 
178* 
188* 
161 

191 
187 
188 
189 
189 

197 
193 
190 
177 

Freq. 

(Hz) 
0.58 
0.48 
0.46 
0.46 

0.53 
0.49 
0.58 
0.58 
0.58 

0.60 
0.54 
0.50 
0.47 

Decay 
ratio 

limxycl. 
iim.cyci. 
lim.cycl. 
lim.cycl. 

0.2 
0.65 
0.85 
iimxycl. 
linxcycl. 

0.49 
0.53 
0.65 
0.97 

Oscill. 
Mode 

regional 
regional 
regional 
regional 

global 
global 
regional 
regional 
regional 

global 
global 
global 
global 

•Estimated 

Tab. 6-2 - KKL stability test results, Ref. [6A\. 

Stability Tests During Initial Start-Up (1984) 
On September 16, 1984 a scheduled rod withdrawal stability search on the high pump speed/closed 
recirculation valve characteristic produced out-of-phase limit cycle oscillations at 75%/40% 
power/flow. This initiated discussions as to the effects of such oscillations on thermal limits and on 
remaining start-up tests. During a start-up training exercise on October 2, 1984, with extremely low 
feedwater temperature, KKL experienced unexpected regional core power oscillations. After this, 
SIL-380 procedures (ref. [6.93]) were considered at KKL and a series of tests were carried out to 
confirm the adequacy of these procedures. Because the SIL-380 procedures do not fully cover out-of-
phase oscillations, operators were also required to scram the reactor manually on LPRM high alarms. 

Stability Test on October 9-10.1984. 
Purpose: 
To confirm the adequacy of the SIL-380 procedures. 
Initial conditions: 
See Tab. 6-2. Recirculation pumps on low-speed, recirculation valves wide open. 
Performance: 
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Control rods were withdrawn until the rod-line of the maximum extended operating domain (MEOD) 
was reached at about 65%/37% power/flow. No limit cycles were observed. The flow control valves 
were slowly closed. Out-of-phase limit cycle oscillations began at about 55%/31%. 
Main results: 
-LPRM oscillations with about 0,4 Hz and maximum amplitude _±30% peak-to-peak at the fully 
closed control valve position. APRM then oscillated with amplitude of about ±4% peak-to-peak, 
-There was no divergence in the limit cycle behaviour. 
-Limit cycle oscillations were reduced by inserting control rods. Oscillations disappeared at about 
47% power. 
-A similar instability search with reduced feedwater temperature (161°C) gave regional limit cycle 
oscillations during rod withdrawal, beginning at 51%/32%. The LPRM oscillation amplitude was 
around ±10% peak-to-peak. 
-The results of these tests supported the SIL-380 procedures subsequently imposed at KKL. 
Available data: 
GETARS plots of LPRM and APRM oscillations. Seeref. [6.1]. 

Stability Test on November 1.1984. 
Purpose: 
Same as above 
Initial conditions: 
90%/65% power/flow (MEOD rod line). Recirculation valves partially closed (MEÔD reduced flow 
condition). Axial power distribution towards the top of the core. 
Performance: 
Both recirculation pumps were tripped. Feedwater heaters remained operational during the test. Core 
power decreased with core flow and reached 45%/28% power/flow. 
Main results: 
No core power oscillations were observed throughout the test. This is due to the favourable axial 
power distribution in the core and the inherent power reduction with core flow. Since feedwater 
heaters remained in operation in the test, no power increase occurred in the natural circulation 
condition which could push the reactor into oscillations. See ref. [6.1], 

Stability Test on September 6.1990. 
Background: 
The test was conducted at beginning of cycle 7 during the power ascension phase. The core contained 
8*8 lattice fuel assemblies of the GE-type, apart from 4 SVEA-64 demonstration assemblies supplied 
by ABB Atom. 
All the digital signal recordings were made by means of the GETARS recording system. The 
scanning frequency was 10 Hz and each recording lasted 14 minutes. Eight LPRM signals were 
recorded, five of them originated from the bottom detectors and three from detectors located on the 
next higher level. All selected LPRMs monitor fairly peripheral rather than central core regions. A 
total of five signal recordings (test points) were made, the first at 6l%/76% power/flow, mainly as a 
functional check of the recording procedures. 
The analysis of the signal recordings involved evaluations in both the time and the frequency 
domains. 
Purpose: 
Investigation of stability characteristics in various regions of the power/flow map. Qualification of 
the recently installed on-line core stability monitoring system COSMOS close to the core stability 
limit. Collect a data base of value for reactor operation in the future. 
Initial conditions (before the 2nd recording): 
See Tab. 6-2. Axial power distribution was bottom peaked and the radial power distribution peaked 
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in a peripheral annular core region (unusual). 
Performance: 
Control rods were withdrawn from 34%/37% power/flow. In-phase oscillations with 0.49 Hz 
occurred at about 55%/36% power/flow, the decay ratio was around 0.65, As the test progressed, 
oscillations turned from the in-phase pattern to an out-of-phase mode, even before reaching the 
vicinity of the stability limit 
Out-of-phase limit cycle oscillations with 0.58 Hz began at about 59%/37% power/flow. The LPRM 
oscillation amplitudes reached values high enough to trigger an alarm. This prompted the operators to 
reinsert control rods. 
After a while the COSMOS verification test followed. The power was increased via rod withdrawal, 
from about 48 to 58%, i.e. the vicinity of the previously experienced core stability limit. Again, 
enhanced LPRM oscillation amplitudes were observed. After a few minutes, control rods were 
reinserted to reduce power and the test was terminated. 
Main results: 
-Both in-phase and out-of-phase oscillations were experienced during the test. The out-of phase 
oscillations showed two basic kinds of pattern: counter-phase and rotational (one revolution around 
the core per oscillation period). Thus the test illustrated the influence of the core power distribution 
on the oscillatory mode. 
-Analysis of the 2nd signal recording showed co-existence of two core resonances with similar decay 
ratios. These resonances are due to the special shape of the core power distribution and are attributed 
to different core subregions (0.49 Hz for peripheral higher rated regions and 0.38 Hz for the central 
lower rated core region). 
-One and the same operating point in the power/flow map may not necessarily be characterised by 
one particular oscillatory mode or unique stability characteristics. The test showed the influence of 
the core power distribution on the stability characteristics. 
-Signal recording no. 4 yielded unique operating experience concerning oscillations of fairly large 
amplitudes. The KKL core had been operating well above the stability limit at a decay ratio of about 
1.04 for more than half a minute, without harmful consequences of any kind. While the oscillations 
amplitudes rapidly diverged, non-linear oscillatory features became increasingly apparent. In the 
spectral analysis results, such signal behaviour could be observed as a 2nd order mode of the neutron 
flux oscillations. 
-As an interesting consequence of these non-linearities, two APRM signals, which were created by 
nearly equal LPRM signal contributions from opposite core regions oscillating counter-phase, 
showed oscillations with twice the resonance frequency. This is of potential importance to reactor 
safety: Under conditions of steadily increasing oscillation amplitudes (decay ratio>l), the 2nd order 
spectral component of an APRM signal might eventually reach the APRM scram setpoint 
-Frequency and decay ratio obtained from the analysis of the signal recordings 1 and 2 are 
representative for the stability characteristics of the KKL core. Recordings 3 to 5 give a somewhat 
pessimistic picture of the stability margins in KKL in the relevant operating points. This is due to the 
special shape of the core power distribution, which is not typical for normal reactor operation. 
Available data: 
Signal average values and noise levels. Time histories for steam flow, feedwater flow, steam dome 
pressure, core coolant flow. Time histories of 8 LPRM and 8 APRM signals. Auto spectra of LPRM 
and APRM signals, noise level for LPRM signals. Noise histories of the LPRM signals and history of 
the oscillation mode. See refs. [6.2] to [6.4]. 

Stability Test on September 11.1993. 
Background: 
The test was conducted at the beginning of cycle 10 after the power ascension had been completed. 
The core contained 330 SVEA-96 fuel assemblies with a 10*10 lattice and 318 GE-type assemblies 
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with a 8*8 lattice. 
Purpose: 
Investigation of stability characteristics in a mixed 8*8/SVEA-100 core. Demonstrate effectiveness 
of selected rod insertion (SRI) to terminate oscillations. 
Initial conditions: 
See Table 6-2. Recirculation pumps running at high speed. Axial core power distribution strongly 
bottom peaked. 
Performance: 
Core power was reduced along the 100% rod line by gradually throttling the flow control valves. At 
core flows 45% and 40%, the core power was raised into the MEOD by withdrawal of control rods. 
The achievable power increase was limited by reaching the operating limit of MCPR between the 
100% rod line and the MEOD rod line. No oscillations were observed. 
The recirculation pumps were switched to low speed and the flow control valves were fully open. At 
44%/28% power/flow, the onset of oscillations was reached. Remarkably, the oscillation amplitudes 
remained low. 
Main results: 
-In-phase oscillations with 0.46 Hz occurred at about 44%/28% with an LPRM amplitude about ±4% 
peak-to-peak. 
-SRI was effective to terminate the oscillations. 
-The transition to a mixed core, by the replacement of 8*8 fuel with 10*10 fuel, did not cause any 
deterioration of the core stability characteristics. This can be seen from Table 6-2 by comparing the 
test results from 1990 (test point 2) and 1993 (test point 3). 
Available data: 
Similar as for the 1990 test. See refs. [6.3] and [6.5] 

6.1.2.2 Muhleberg NPP 

The NPP Muhleberg is a General Electric BWR/4 with a core comprised of 240 fuel 
assemblies, adopting the external pump recirculation system. In 1993 the licensed power was 
increased from 997 to 1097 MW(th) in two steps, each of 5%. As a part of this 10 % power uprate, 
stability measurements were performed. In parallel with the power upgrading, new fuel elements of 
the GE11 type (9*9 fuel with part length rods) were introduced, thus having a mixed core of 40 GE11 
and 200 GE8 (8*8 fuel) elements at the time of the event. Before the event to be reported below, 
KKM had never experienced any power oscillations. 

A core stability test was performed at NPP Muhleberg on February 25, 1994 (ref. [6.6]). The 
test was started from the 100 % load line at a reactor power (P) of 62 %, a core flow (F) of 45 % and 
a feedwater temperature of 172°C (point A in Fig. 6-8) by tripping one of the two running 
recirculation pumps. Then the operation point B with P/F=54%/40% was reached and a feedwater 
temperature of 167°C approached. About 15 minutes later, the second recirculation pump was 
tripped. Immediately after this trip, the reactor operator observed power oscillations with an increase 
of both the APRM and the LPRM signal amplitudes (Fig. 6-9). The oscillations occurred at an 
operating point C with P/F-50%/37%. They were in-phase with a frequency of 0.54 Hz. In 
accordance with the plant operating procedures, the operator initiated a Select Rod Insertion (SRI) 
about 40 s after the pump trip, when the APRM signal had reached a peak-to-peak value of 14 % 
(Fig. 6-9). Subsequent to this SRI the power oscillations ceased at operating point D with 
P/F-39%/36% and a feedwater temperature of 158°C. 

During the test the decay ratio (DR) was continuously monitored by the on-line stability 
monitor SIMON (see Chapter 5). At the core flow of 45 % and with both recirculation pumps 
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running, local resonant power oscillations with a frequency of about 0.5 Hz and an amplitude of 
about 4 % peak-to-peak were observed and a DR of 0.64 evaluated, showing sufficient stability 
margin. After the trip of the first pump, the resonant power oscillations increased in amplitude to 
about 7 % peak-to-peak. The DR increased rapidly to a value of 0.92 indicating that the reactor was 
very close to instability. The main causes of this high DR were a lower core flow and a strongly 
bottom-peaked axial power profile. The trip of the second pump reduced power and flow with just a 
few percent, but this, plus another loop flow reversal, was sufficient to initiate the instability. After 
the SRI, the DR was evaluated to 0.63, demonstrating the effectiveness of the SRI to stabilize the 
core. 

No immediate action was considered necessary, because the event was covered by the existing 
operating procedures which were followed by the operator. The on-line stability monitor will be 
modified to give an alarm if the DR exceeds 0.8, 

This test showed the occurrence of in-phase power oscillations also in a small BWR core. 
Power uprate, by 10 %, reduced the stability margin under the same relative power and flow 
operating conditions. 
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6.1.3 Stability Tests in Finnish BWR Plants 

The Finnish BWRs are two 710 MW(e) Asea-Atom units, TVO I and TVO II. These units 
have cores of 500 fuel assemblies, which are monitored by 112 LPRM detectors combined into 4 
APRM channels. 

Stability measurements are carried out three times during each cycle (BOC, MOC and EOC). 
The measurements can be carried out by using normal instrumentation and normal computer 
equipment of the plant. The operating point during the measurements is the lower left "knee" of the 
operating domain, where the stability characteristics are known to be at their poorest. In TVO, this 
corresponds to a power level of about 60% and a main recirculation flow of about 40% of nominal. 
Starting from full power, this operating point is reached through controlled rundown of the main 
recirculation pumps to minimum speed. No control rod movements are needed. To minimize loss of 
production due to the measurements, they are usually coordinated with other periodic tests that 
require a reduction in reactor power, like testing of the MSIVs. 

The measurements procedure includes the recording of 90 different signals for a time period 
of 9 minutes, at sample frequency of 12.5 Hz. The large number of signals allows the measurements 
to be utilized for other process noise monitoring purposes as well. Usually, for evaluation of stability 
characteristics the APRM would be enough. 

For determining the decay ratio (DR) of the APRM signals, two tools are available: the 
autocorrelation method and the so called auto-regressive moving average (ARMA) method. The 
experience seems to suggest that the latter method can provide results which are quite well 
comparable between different plant units, while the former method is sensitive to disturbances caused 
by process noise peaks at frequencies other than the core resonance. 

Normal values of the decay ratio range between 0,4 and 0.7. The axial power profile is the 
parameter that has the strongest influence on the DR. Since the depletion of burnable absorber in the 
fuel tends to produce downwards tilted power profiles at MOC, the highest values of the DR are also 
measured at that time. 

The measurements are carried out at an operating point within the normal operating domain. 
No intentional approach to instability is included in the procedures. However, besides providing a 
verification of adequate core stability, the measurement results are useful for two purposes. The 
results cumulated during several years provide a data base that can help to estimate the influence of 
different parameters on stability. Until recently, the accuracy of analytical prediction of the DR value 
has been unsatisfactory. Therefore, at least in TVO, the stability related limits of the power peaking 
factors imposed on core design are still based on experience gained from measurements. During the 
last couple of years, a three dimensional code (RAMONA 3B) has been used for predictive 
calculations of the DR. The measurements help to verify the accuracy of the predictions and reveal 
possible need for further development of the tool (areas for improvement are common to other codes, 
see Chapt. 4 and specifically sects. 4.4 and 4.5). 

One special event, related to local oscillations, deserves to be mentioned (ref. [6.94]). It was 
observed in Section 5.2.7 that a number of BWRs supplied by ABB Atom have instrumentation for 
monitoring inlet flows to some core coolant channels (eight channels). The two TVO plants belong to 
this category. During the power ascension that followed the annual shutdown of TVO I in 1991 for 
refuelling and maintenance, it was observed that one of these inlet flows (channel 4) was 
unexpectedly large. It was ascertained that this behaviour was not caused by any fault in the 
instrumentation. As the core exposure progressed, the discrepancy between the calculated and the 
measured inlet flows to channel 4 increased somewhat. After a while, it was decided to conduct a 
special test, which might hopefully shed light on the possible cause of the anomalous behaviour. This 
test came to be performed as the core approached mid-cycle conditions. It took advantage of an 
occasion when a power reduction had anyway to be made, for the purpose of periodic testing of the 
steam line isolation valves. 
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Briefly, the test was executed along the following lines: all the channel flow signals and a 
number of selected neutron flux signals (plus some other signals of interest) were recorded at the 
highest coolant flow that could reasonably be attained at full power, and also at the lowest permitted 
coolant flow (reaching such an operating point involved a power reduction along the flow control line, 
beyond what was required for the isolation valve testing). 

During the operating season concerned, all the eight instrumented channels contained 9x9 
fuel. Previous experience had shown that coolant flows through such assemblies were expected to 
exhibit thermal-hydraulic fluctuations. 

The evaluation of the signal recordings from the test revealed some surprises. 

i) At the upper end of the core coolant flow range, the inlet flows to all the eight instrumented coolant 
channels exhibited damped fluctuations. However, the inlet flow to channel 4 fluctuated more slowly 
(at about 0.9 Hz) than the flows through the other seven channels (within the range 1-1,1 Hz). 
Evidently, density waves did not propagate as fast through channel 4, compared to all the other 
instrumented channels: evidence that the coolant flow through channel 4 was too small. Concurrently, 
the measured channel inlet flow to the same channel was too large. Such behaviour suggested the 
presence of a flow leakage downstream of the channel inlet orifice (where the inlet flow is measured, 
via the pressure drop). 

ii) After rundown of the recirculation pumps to their minimum permitted value, the inlet flow to 
channel 4 exhibited nearly undamped oscillations (decay ratio 0.97) at 0.4 Hz, whereas the 
fluctuations in the coolant flows through the other seven instrumented channels all exhibited damped 
oscillations in the interval 0.45 - 0.5 Hz. The degraded stability of the coolant flow through channel 4 
suggested that the stabilising influence of the inlet orifice had somehow been lost, providing further 
evidence of a coolant leakage downstream of the inlet orifice. As regards the neutron flux signals, the 
core resonance frequency was found at 0.42 Hz - with a decay ratio of 0.6. Yet, in the neutron flux 
signal from an LPRM detector close to channel 4 an essentially undamped spectral component at 0.4 
Hz was found, which showed strong dynamic coupling to the channel 4 inlet flow signal - at that 
frequency. Evidently, the oscillations in the coolant flow through 
channel 4 had raised a significant local neutron flux response. This response could even be observed 
in the APRM signals. This is an example of a local oscillation according to the definition in Section 
8.2. 

During the subsequent annual plant shutdown in the summer of 1992, it was discovered that 
the fuel assembly concerned had not been correctly loaded, so that some of the flow which should 
have entered the coolant channel had instead leaked to the core bypass. The fuel assembly was 
unloaded. Detailed examination made it clear that even though the assembly had been operated under 
somewhat flow-starved conditions during an entire operating season, it had suffered no ill effects 
whatsoever. 

6.1.4 Stability Tests in Swedish BWR Plants. 

After several reports in the late 80s on stability problems in BWRs all the Swedish utilities 
began planned stability measurement campaigns. Also, the safety authority asked for information on 
the stability characteristics of the BWR cores. 
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6.1.4.1 Forsmark NPP 

There are three BWRs of ABB Atom design in Forsmark, all with internal recirculation 
pumps. Plant data are as follows: 

Item 

Rated thermal power (MW) 

Maximum core flow (kg/s) 

Minimum core flow (kg/s) 

No. of bundles 

Feedwater temp. (°C) 

Steam dome pressure (MPa) 

FÎ/F2 

2700 

11000 

3800 

676 

180 

7.0 

F3 

3000 

13000 

4300 

700 

215 

7.0 

As part of the program at initial start-up stability measurements were performed in Forsmark 
1, 2 and 3 in 1980, -81 and 85, respectively, in order to determine the operating limits for each unit. 
Starting up the reactor after the annual shut-down in 1986 an increase in neutron flux noise was 
observed in Forsmark 1, which prompted the stability measurements this year in that unit (see Table 
6-3). A region with automatic Selected Rod Insertion (SRI) adjacent to, but outside, the low-flow, 
high power region of the operating domain was introduced in Forsmark 1 in 1987. Annual stability 
measurements started in 1988. Before that, several measurements were done on a case-by-case basis. 
On January 1989, Forsmark 1 was automatically scrammed due to high neutron flux oscillations (see 
description of this event in Section 6.2), during a stability measurement, in the middle of the cycle. 
After this it was decided to extend the region for SRI into the operating domain to cut off the "knee" 
of the operating domain where the stability characteristics are at their poorest. In 1992 a plan for 
long-term solution of the stability issue was introduced. This plan contains acceptance criteria, 
restrictions in the operating domain, stability monitoring and surveillance systems and stability pre
calculations with a design limit on the decay ratio. 

The results of the stability measurements on the three units in Forsmark are given in Tabs. 6-3 
to 6-5. 

6.1.4J Ringhals NPP 

Ringhals 1 is an external pump BWR of ABB Atom design. Rated thermal power is 2270 
MW corresponding to 110% nominal power. The core has 648 fuel bundles. Just as for the other 
Swedish BWRs, stability tests and measurements have been carried out for many years in Ringhals 1 « 
An incident with regional oscillations has been reported during one of the test campaigns (see Section 
6.2). The stability measurements have been analysed with different methods over the years, but lately 
a certain ARMA methodology (ref. [6.10]) has been chosen for the evaluation of the decay ratio and 
natural frequency of the oscillations. All previous data have been re-evaluated with this new method 
which also includes an approach to evaluation of the decay ratio of the first harmonic, or regional, 
mode. For the cycles 14-17 data were assembled in a NEA/NSC Stability Benchmark, see Section 
6.3. Those data are given in Tables 6-6 to 6-11. Data for the cycles 18 and 19 will be released after 
blind calculations have been performed with RAMONA, the code presently used for stability 
calculations in both Forsmark and Ringhals. (e.g., ref. [6-100]). 

Detailed descriptions of the tests utilized as basis for the NEA/NSC BWR Benchmark, 
including boundary and initial conditions, is given in refs. [6.52], [6.100] and [6.101]. It seems 
worthwhile to mention here that DR values, as given in Tabs. 6-6 to 6-11, depend other than power 
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and flow, given in the same tables, also upon axial and radial power distributions and subcooling at 
core inlet (and in downcomer). In addition, considerations in Appendix B should also be taken into 
account for deriving conclusions. 

Date 

860724 

870820 

88071I-I2 

890115 

890821 

900918 

910621 

920809 

930728 

940226 

940902 

941119 

950622 

No. of Purpose 
tests 

4 

10 

11 

15 

9 

9 

5 

5 

5 

2 

5 

2 

I 

Determine the 
cause of high 
APRM fluctuations 

Follow up to 1986 
campaign 

Annual stability 
test during start-up 

„ 

'• 

| i 

As above plus test 
of stab, monitor 
Annual test plus a 
T&H test on a new 
fuel type 

Annua! stab test 

MOC stab. test. 
Ref. case for stab, 
predictions 
Annual stab-test 

MOC stab. test. 
Ref. case for stab, 
predictions 
Annual stab, test 

Performance 

Steady state 
conditions 

Steady state 
conditions at ~65% 
power and min. core 
flow 

•• 

Steady state. 55-65% 
power and min. core 
flow and up to full 
power 

« 

M 

II 

Steady state. 60-65% 
power. Min. core flow 
Steady state. 65% 
power, nitn. core flow 

•• 

» 

Main results 

An increase of the channel 
flow noise was observed. 

Comments 

Core dominated 
by 8*8 fuel 

Power controller mode affects 
stability. 
Limit cycles were observed 

decay ratio was 0.88 

A part of the op. domain was 
excluded with a SRI region. 
Limit cycles within the op. 
domain 
Same op. point as 890115. 
Decay ratio dropped to 0.44 

DR dropped to 0.26. Axial 
bottom peak even higher than 
890115 
DR=0.31. Monitors 
successfully tested 
DR=0.3. T&H comparison 
between SVEA 8*8 and two 
types of 9*9 fuel and 

DR=0.48. T&H comparison 
for new demo 
DR=0.57 

DR=0.69 

DR=0.54 

DR=0.55 

Core dominated 
by 9*9 fuel 

First reload of 
SVEA 8*8 fuel 

Core dominated 
by SVEA 8*8 
First reload of 
new 9*9 fuel 
type 

SGEIÏSdemos 

First reload 
withGEHS 

Tab. 6-3 - Stability measurements carried out in Forsmark 1, Ref. [6.95). 

6.1.4.3 Oskarshamn NPP 

There are three BWRs of ABB Atom design in Oskarshamn (OI-HI). The oldest one, OI, has 
just restarted after several years shutdown for major backfitting, so no stability data are given for this 
plant. Stability measurements have been carried out since 1989. Starting in 1993 stability 
measurements are taken twice every cycle as part of an OKG program and policy on core stability, 
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rcf. [6.95]. 
During the autumn of 1988, the Swedish Nuclear Power Inspectorate wrote to all the Swedish 

utilities owning nuclear power plants, requesting BWR core stability measurements. In response, 
OKG undertook such studies in the reactors Oskarshamn 1 and 2, at short notice. While the 
investigations of Oskarshamn 1 (which has a modestly rated core) showed good stability, the first 
campaign that was conducted in the more highly rated Oskarshamn 2 (in January 1989) pointed 
rather unexpectedly to tight stability margins, at the highest powers permitted at minimum coolant 
flow (Oskarshamn 2 is an external pump reactor of 1800 MW thermal power and with 444 fuel 
bundles in the core). Accordingly, an "exclusion region" was introduced, removing a part of this 
corner from the permitted operating map. 

Date 

Start-up 
87 

880815 

890515 

890920 

900620 
910804 

920923 

930228 

930914-15 

940626 

950525 

950925 

No. of 
tests 

3 

14 

9 

11 

10 
5 

6 

3 

15 

5 

2 

2 

Purpose 

Annual stab.tesl 

» 

MOC tests 

Annual stab, test 

u 

.. 

« 

Tune the power 
controller. Test a 
stab, monitor 
Verification of the 
tuning of the 
power controller 

Annual stab, test 

Ref. case for stab-
predictions plus 
to verify the 
operating domain. 

•I 

Performance 

Up to 70% power 
and low core flow. 
The core was 
perturbed with a 
PRBS signal on the 
pressure controller 
Very stable core 

55-65% power and 
low flow 
55-65% power and 
min. flow 

60-65% power and 
min. flow 

i l 

Various control 
parameters were 
tested 
Test with original 
and new parameters. 
Step perturbations 
as well as tripping 
one pump was also 
part of the test 
60-65% power and 
min. flow 

« 

Main results 

DR was at the most 0.7. 
PRBS test gave the same 
result as noise 
measurements implying that 
perturbation is not needed 
to evaluate core damping 
DR was 0.3 and 0.5 in the 
power control mode 

DR=0.5 

DR was 0.64 and 0.84 in the 
power control mode 
DR=0.44 
DR=0.32 

DR was 0.46 and up to 0.9 
in the power control mode. 
The idea of tuning the 
controller was raised 
A substantial decrease in 
the DR 

DR dropped from 0.72 to 
0.53 in power control mode. 
Core DR was unchanged 
from the year before 

DR was below 0.5. 
RAMONA predicted 0.54 

DR-0.52 

DR=0.45. RAMONA 
predicted 0.58 

Comments 

Core 
dominated by 
SVEA 8*8 

First reload 
with 
SVEA 100 fuel 

Half of the 
core is 
SVEA 100 

Tab. 6-4 - Stability measurements carried out in Forsmark 2, Rcf. (6.95]. 
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Date 

880910-11 

890720 

900803 
910913 
920619 

921119 

930201 

930625 

931128 

940730 

950204 

950818 

No. of 
tests 
26 

9 

4 
5 
5 

3 

2 

6 

5 

On-line 
test 

2 

on-line 
test 

Purpose 

Annual stab, test 
during startup 

" 
" 
" 

Determine the 
effect of 
operational 
transients 

MOC test after a 
start-up 
Annual stab, test 

MOC tests 

Annual stab. 
test. Test of 
stab, monitor 

MOC tests 

Annual stab, test 

Performance 

55-65% power andmin. 
flow. Large set of signals 
were recorded 
60-65% power and min. 
flow 

ri 

•• 

Also with one recirc. 
pump tripped 
A pre-heater was 
bypassed. One of 4 feed-
water pipes was closed. 

65% power and min. flow 

Also with one recirc. 
pump tripped 

Five tests in the same 
operating point 

The DR was estimated 
on-line for a test period 
of 11 hours 

61 % power and low flow 

65% power and min. flow 

Main results 

DR at the most 0.7 

DR=0.5 

DR=0.5 
DR=0.5 
DR=0.58 with one 
pump tripped 
The perturbation 
had only a small 
effect on stability. 
The DR increased 
of~0.I during the 
transients 
DR=0.64 

DR up to 0.75. 
T&H comparison 
between SVEA8*8 
andSVEAlOO 
DR=0.77 with a 
variation of 0.06. 
RAMONA pred. 
was 0.79 
The average DR for 
one hour was at 
most 0.6. 
RAMONA pred. 
0.56 
DR=0.5, 
Disturbances from 
the turbine showed 
in the neutron flux 
DR average in one 
hour was no more 
than 0.5. 
RAMONA predicts 
DR= 0.54 

Comments 

Core loaded with 
SVEA 8*8 fuel 

First reload of 
SVEA-100 

Precalc. 
successfully 
performed with 
RAMONA 

Tab. 6-5 - Stability measurements carried out in Forsmark 3, Ref. [6.95]. 

For a variety of reasons, it was found difficult to explain the experience from this campaign. 
The test had been made under conditions which were not typical for normal BWR operation, for 
example: the axial exposure distribution in the core was not representative, and one recirculation 
pump (out of four) had been shut down. Eventually, it was decided to conduct an extra test; it was 
executed in December 1989. The "exclusion region" was entered on that occasion, and the Swedish 
Nuclear Power Inspectorate had even granted permission to study operating points below the 
minimum permitted coolant flow. 
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Case 

a 
b 
c 
d 
e 
f 

g 
h 
i 

Power 
% 
64.9 
64.9 
65.2 
70.2 
70 
70 
72.8 
75.2 
77.7 

Core Flow 
kg/s 
4116 
3902 
3662 
3644 
3876 
4128 
3672 
3877 
4104 

Global 
DR 
0.3 
0.6 
0.69 
0.79 
0.67 
0.64 
0.8 
0.78 
0.71 

f(Hz) 
0.43 
0.43 
0.43 
0.55 
0.51 
0.52 
0.56 
0.52 
0.5 

Regional 
DR 
— 
0.6 
0.57 
0.75 
0.6 
0.59 
0.99 
0.79 
0.63 

f(Hz) 
— 
0.42 
0.43 
0.52 
0.5 
0.5 
0.54 
0.5 
0.49 

Tab, 6-6 - Ringhals 1 BOC cycle 14 stability test results (900903-04), Rcf. [6.52]. 

Case 

a 
b 
c 
d 
e 
f 

g 
h 
i 

j 

Power 
% 
75 
64.9 
65.2 
65.1 
70.1 
70.1 
70.3 
71.1 
75.2 
77.3 

Core Flow 
kg/s 
4157 
4059 
3881 
3649 
4165 
3945 
3775 
3633 
3994 
4316 

Global 
DR 
0.23 
0.24 
0.21 
0.33 
0.43 
0.59 
0.67 
0.77 
0.6 
0.59 

f(Hz) 
0,44 
0.42 
0.43 
0.44 
0.44 
0.47 
0.53 
0.55 
0.54 
0.54 

Regional 
DR 
— 
— 
— 
— 
— 

0.39 
0.67 
0.77 
0.67 
— 

f(Hz) 
— 
— 
— 
— 
— 

0.47 
0.52 
0.52 
0.52 
— 

Tab. 6-7 - Ringhals 1 BOC cycle 15 stability test results (910910-11), Ref. (6.52], 

This test showed that the core stability margins were still narrow within the "exclusion 
region". Throughout the test, the neutron flux oscillations remained in the global in-phase mode. In 
one specific operating point, stability studies were made for two different operating situations: at first 
when all the four recirculation pumps were running, and then when one of them had been shut off. No 
significant impact on core stability could be observed. 

To explain the narrow stability margins experienced during the test, a series of reactor physics 
calculations were performed, which covered a number of successive operating seasons. They showed 
that on the occasions when the test was conducted, the core had been operating with a strongly 
downward-peaked axial power distribution in combination with a rather high power density in the 
central core regions, producing an unusually strong void-reactivity coupling. 
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Case 

a 
b 
c 
d 
e 
f 

g 
h 
i 
j 
k 
1 

m 

Power 
% 
64.3 
64 
64.6 
70.2 
69.9 
69.5 
74.4 
74.9 
74.6 
76 
66.1 
66.5 

66.9 

Core Flow 
kg/s 
4112 
3925 
3698 
4165 
3925 
3673 
4081 
3907 
3678 
4217 
3653 
3683 

3780 

Global 
DR 
0.54 
0.54 
0.69 
0.71 
0.67 
0.79 
0.72 
0.82 
0.87 
0.65 
0.66 
0.78 

0.73 

f(Hz) 
0.48 
0.48 
0.47 
0.52 
0.49 
0.49 
0.5 
0.49 
0.48 
0.5 
0.48 
0.48 

0.48 

Regional 
DR 
— 
— 
0.55 
— 
0.51 
0.74 
0.5 
0.66 
0.82 
0.64 
0.55 
0.65 

— 

f(Hz) 
— 
— 
0.45 
— 
0.49 
0.48 
0.49 
0.49 
0.47 
0.51 
0.45 
0.47 

__ 

Tab. 6-8- Ringhals 1 BOC cycle 16 stability test results (930211-12, M,m 930227), 
Réf. [6.52]. 

Case 

b 
C: 

c! 
e: 

Power 
% 
77.4 
75.6 
59.1 
57.5 

Core Flow 
kg/s 
6588 
6034 
3854 
3815 

Global 
DR 
0.35 
0.33 
0.71 
0.73 

f(Hz) 
0.68 
0.61 
0.51 
0.51 

Regional 
DR 
... 
— 
— 

0.58 

f(Hz) 
— 
— 
— 

0.49 

Tab. &9 - Ringhals 1 EOC cycle 16 stability test results (930724). Ref, (6.52J. 

Case 

a 
c 
e 

g 
i 
k 
m 
0 

q 
s 

Power 
% 
64.9 
65.5 
65.4 
69.5 
69.9 
69.5 
74.9 
75.1 
75.4 
78.1 

Core Flow 
kg/s 
4130 
3958 
3713 
4166 
4015 
3743 
4140 
4020 
3739 
4058 

Tab. 6-10 - Ringhals 1 BOC cycle 17 stability test results (931117), Réf. [6.521. 
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Global 
DR 
0.18 
0.24 
0,22 
0.32 
0.28 
0,34 
0.33 
0.41 
0.57 
0.49 

f(Hz) 
0.47 
0.46 
0.44 
0.46 
0.42 
0.46 
0.46 
0.48 
0.47 
0.49 

Regional 
DR 
— 
— 
— 
— 
— 
— 
— 
— 
0.43 
. . . 

f(Hz) 

0.49 



Case 

a 
b 
c 

Power 
% 
76 
74.2 
63.3 

Core Flow 
kg/s 
4279 
3959 
4070 

Global 
DR 
0.73 
0.78 
0.5 

f(Hz) 
0.52 
0.51 
0.47 

Regional 
DR 
0.77 
0.77 
— 

f(Hz) 
0.53 
0.52 
— 

Tab. 6-11 - Ringhals 1 MOC cycle 17 stability test results (940408), Réf. F6.52]. 

After 1989, stability.measurements have been taken regularly in Oil in the following way. 
Before the stability measurements, an operating point is sought at full power with lowest possible 
core flow. From this point the recirculation pump speed is reduced to move the operating point to the 
edge of the unstable region of the operating domain, i.e. to the boundary of the exclusion region. 
From here the stability margin on the boundary of the operating domain is studied at different power 
levels. OH has an on-line evaluation of the decay ratio, the results of which are given in Tab. 6-12. 
At OKG one has observed that the stability margin is smaller, in the same low power/high flow 
operating point, after coast down from full power than during startup to full power (this may not be 
derived from the information provided in Tab. 6-12). 

The Oskarshamn 3 is an internal pump plant and sister plant to Forsmark 3. During 
commissioning of OUI, a natural circulation test was conducted, on 5 - 6 June, 1985. The test is of 
special interest, firstly, because it involved the recording of a large number of LPRM signals as well 
as all the eight channel inlet flow signals, secondly, because the core was left at the stability limit for 
a considerable period of time. 

The reactor was brought into natural circulation by tripping all the recirculation pumps. From 
a starting point at a core power of about 30 % and a coolant flow of about 2400 kg/is, control rods 
were slowly withdrawn. During this process, both the core power and the coolant flow increased, 
while the axial core power distribution became more and more downward-tilted. When the core 
power reached almost 50 % - at a coolant flow of about 2700 kg/s, the decay ratio had risen to about 
0.8. Until then, the neutron flux oscillations remained in the in-phase mode. An additional power 
increase up to 50.5 % brought the core to the stability limit, while the neutron flux oscillations 
switched into the out-of phase mode. The core was then left in this state for about an hour. During 
that time period, the oscillatory patterns kept changing incessantly, between opposite core halves 
oscillating in counterphase to rotational patterns - both clockwise and counterclockwise. The 
oscillation amplitudes remained rather modest. 

In preparing for the regular stability measurements taken every cycle in OIIÎ, the operating 
point is positioned as far left as possible at full power, after which the pump speed is reduced to 
minimum. The core flow is then increased so as to give 75% power. In this point data are recorded 
from APRMs, core flow and 8 LPRMs, and some additional data. Evaluation of stability parameters 
is done by ABB Atom. The decay ratio has not varied too much over the years when measurements 
have been performed and the operating domain has not been restricted. On two occasions extended 
stability measurements were carried out. The first was in 1991 for the purpose of studying a possible 
extension of the operating domain. These measurements were taken in 10 points close to the inside 
boundary as well as outside the existing operating domain. In order to reach outside the operating 
domain the feedwater temperature had to be reduced to keep the dry-out margin high enough. The 
second set of extended measurements was in 1995 in order to study the sensitivity of the OIII core to 
external perturbations. These measurements were done in 6 points , all inside the operating domain, 
in positions reached from pump run-down. 
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The perturbations imposed were trip of a feedwater pump, bypass of a pre-heater, insertion of 
control! rods from an all out position and opening of a safety valve. 

Results of stability measurements in OUI are found in Tab. 6-13. 

Date 

920111 

930620 

931210 

940226 

Case 

1 
2 
3 
4 
5 
I 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
8 
I 
2 
3 
4 
5 
6 
7 
8 

Power 

(%) 
84.5 
81.2 
78.8 
75.1 
70.2 
105.8 
100.3 
90.1 
85.4 
81.2 
79.2 
75.4 
70.3 
105.8 
100.4 
90.5 
85 
82.4 
78.9 
74.2 
69.8 
105.9 
100.6 
90.2 
83.6 
80.8 
78.8 
74.1 
69.9 

Flow (kg/s) 

3205 
3002 
3010 
2826 
2592 
5256 
4619 
3705 
3333 
3211 
3218 
3062 
2788 
5269 
4655 
3698 
3215 
2986 
2981 
2806 
2587 
5442 
4805 
3746 
3207 
3027 
3021 
2822 
2598 

DR 

0.63 
0.62 
0.72 
0.65 
0.65 
0.21 
0.2 
0.53 
0.39 
0.34 
0.38 
0.38 
0.4 
0.2 
0.24 
0.3 
0.6 
0.64 
0.69 
0.56 
0.62 
0.17 
0.21 
0.34 
0.73 
0.6 
0.67 
0.44 
0.44 

Date 

940934 

950107 

951104 

Test Point 

1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
8 

Power (%) 

106 
99.8 
89.9 
83.6 
80.1 
79.3 
74.6 
70.7 
106 
100.3 
90 
83.9 
81.5 
79.1 
74.7 
72 
106.1 
100.6 
90.6 
84.4 
81.6 
78.2 
74.4 
71.1 

Flow (kg/s) 

5368 
4701 
3748 
3249 
3001 
3010 
2809 
2642 
5290 
4626 
3666 
3177 
3034 
3080' 
2818 
2656 
5248 
4643 
3688 
3218 
3013 
3055 
2821 
2643 

DR 

0.22 
0.22 
0.26 
0.45 
0.58 
0.38 
0.32 
0.12 
0.19 
0.24 
0.36 
0.52 
0.62 
0.58 
0.53 
0.5 
0.22 
0.19 
0.15 
0.35 
0.3 
0.18 
0.27 
0.3 

Tab. 6-12 - Oskarshamn 2 stability test results, Ref. [6.95] 

6.L4.4 BarsebâckNPP 

The two BWRs in Barsebâck are of the same design as Oil in Oskarshamn. The stability 
characteristics of the cores are monitored on-line since 1991, moreover, stability measurements are 
taken at startup of a new cycle. An interesting feature is that one of the two twin reactors have been 
operated with only 8*8 fuel while the other has been going from 8*8 to 9*9 fuel. Many operating 
sequences, interesting from the point of view of stability, have been recorded, and saved on tape, over 
the years by the on-line stability monitoring system SIMON (see Section 53), Apart from startup 
sequences, they include also shutdown and load-follow and data taken during normal periodic tests, 
(see ref. [6.11]). 
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Date 

85 

900817 
900824 
900826 
900827 
911027 

930821 

940U5 

Test 
no 
1 

2 
3 
4 
5 
6 
7 

8 
9 
1 
2 

3 
1 
2 
3 
4 
5 
6 

Power 

(%) 
70.3 

86.9 
59.8 
58.8 
85 
66 
69.6 
73 
69.3 
72.5 
61.9 
61.1 

72.2 
77.6 
105 
85 

65 
65.5 
65.3 
74.6 
74.6 
105.1 
105.2 

Flow 
(kg/s) 
4271 

9260 
4278 
4259 
8180 
4455 
4318 
4272 
4329 
4296 . 
3881 
3862 

4912 
4878 
11700 
8700 

5540 
5034 
5130 
6891 
6901 
12007 
11947 

DR 

0.38-
0.49 
0.1 
0.45 
0.55 
0.28 
0.61 
0.78 
0.87 
0.86 
0.95 
0.86 
0.93/ 
0.7 
0.67 
0.81 
0.18 
0.25-
0.3 
0.38 
0.64 
0.61 
0.41 
0,41 
O.I I 
0.12 

Freq. 
(Hz) 
0.40-
0.44 
0.62 
0.45 
0.46 
0.55 
0.5 
0.49 
0.5 
0.5 
0.5 
0.47 
0.46 

0.54 
0.54 
0.7 
0.6 

0.49 
0.52 
0.55 
0.63 
0.68 
0.82 
0.88 

Date Test 
no 

941021 1 

2 
3 
4 
5 

950114 1 
2 
3 
4 
5 
6 
7 

8 
9 
10 

Power 

(%) 
109.2 

109.3 
50.9 
51.7 
75 
109.3 
109.3 
74.7 
74.7 
59.8 
59 
56A 

60.2 
60.8 
60.7 

Flow 
(kg/s) 
12105 

12090 
4297 
4288 
5559 
12192 
12192 
6399 
6399 
4384 
4354 
4090 

4354 
4359 
4336 

DR 

0.08 

0.09 
0.21 

o.n 
0.33 
0.13 
0.17 
0.31 
0.39 
0.67 
0.69 
0.71 

0.77 
0.65 
0.67 

Freq. 

(Hz) 
0.73 

0.77 
0.47 
0.37 
0.49 
1.09 
1.12 
0.66 
0.68 
0.53 
0.53 
0.5 

0.52 
0.49 
0.5 

j Tab. 6-13 - Oskarshamn 3 stability test results, Ref. [6.95], 

6.1.5 Stability Tests in Peach Bottom (US) 

Low flow stability tests were performed at the Peach Bottom-2 Genera! Electric BWR/4 
reactor prior to shutdown for refuelling at the end of cycle 2 in 1977 (ref. [6.12]), The purpose of the 
low-flow stability testing was to determine the power-to-void feedback stability margin of the BWR 
core at an operating condition above the rated power-flow control line and to investigate the 
sensitivity of core stability to changes in reactor operating conditions. These tests were also intended 
to demonstrate the practicality of using small pressure perturbation tests to determine the stability 
margin of a large BWR core (see also the discussion in sect 2.2.1.1). 

The objectives of Peach Bottom core stability tests (ref. [6.12] 1978, ref. [2.27] 1989) were to 
show that small pressure perturbations can be used to demonstrate the BWR stability margin, to 
obtain data for the validation of stability analyses and to demonstrate BWR stability at low-core-flow 
conditions. 

Two series of tests, refs, [6.12] and [2.27], were performed at Peach Bottom Unit 2. The first 
series of tests (ref. [6.12]), were conducted at the end of cycle 2 and the second series (ref. [2.27]), 
were conducted during cycle 3. Both tests were performed with the same procedure and the same 
instrumentation. However, the second series of tests (ref. [2.27]) had an additional objective of 
investigating the effect of exposure on plant stability. There were set of runs for each of the burn-up 
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conditions. The quality of data was the same for the two series. The standard deviations for the core 
exit pressure data for the first series of tests varied between 2.2 psi and 3.8 psi, with a mean pressure 
of the order of 1000 psia. The standard deviation for the core exit pressure for the second series of 
tests was available only for the one test and it was 1.6 psi. There were curves for coherence function 
between power and pressure. The curves were similar in the two series. The coherence was close to 
0.95 for frequencies of interest (< 0.8 Hz). The transfer function curves had error bars in the first set, 
but no error bars in the second set of tests. 

The Peach Bottom stability tests (ref. [6.12]) were conducted by manoeuvring the reactor into 
the selected low flow, steady initial conditions and then by introducing periodic step changes of 0.55 
bar in the pressure regulator reference setpoint setting, starting with a down step. At first, the steps 
were equally spaced at intervals of 10 s. This method was then abandoned in favour of the more 
advanced PRBS (ref. [6.98]). All the documented results for the first series of tests were obtained by 
PRBS. 

The system pressure and the fission power (APRM signal) were measured and the pressure to 
fission power transfer function was calculated from the measurements by nonlinear least square curve 
fitting, in the frequency range between 0.02 and 1 Hz. From the calculated transfer function were then 
obtained the gain and the phase shift as functions of frequency (ref. [6.12]), as well as the coherence 
between pressure and fission power. The coherence results indicate that the experimental data are 
valid only up to 0.45 Hz and beyond this frequency the data are noisy. 

It was concluded that the core exhibited a large degree of stability at each test condition. The 
small pressure perturbation tests was shown to offer an operationally simple and precise technique 
for determining BWR core stability margins. 

6.1.6 Stability test in Caorso 

[n the Caorso General Electric BWR-4, 2651 MWth jet pump reactor, (Italy), planned 
stability tests were performed in October 1983. These were a follow up of two unplanned stability 
events recorded in 1982 (see also sect. 6.2.1.1 and ref. [6.97]). 

The planned stability tests also constituted a follow up of early GE testing programs related to 
the NPP of Dresden 1 (1956), Big Rock Point (1966) and Garigliano (1968), as also described by 
T.W. Kerlin in ref. [6,98], It might be noted that during all these three 'stability campaigns', 
sinusoidal time varying control rod movements were used as perturbing signals, while in the Caorso 
planned stability event the opening/closure cycles of one (of four) turbine inlet valves, was the 
initiating event, ref. [6.99]. 

The tests were performed during the 2nd cycle; average burnup was 10963 MWd/t and new 
fuel elements were exposed to 3124 MWd/t. 384 standard fuel elements (8X8, 146" active length) 
and 176 new load elements *8X8 retrofit' (150" active length) were installed in the core during the 
testing. 

Ten steady state situations in the power flow map, were considered as starting points for the 
stability tests. Reactor power values varied in the range 40% to 56% of the nominal power and core 
flow varied in the range 30% to 45% of the nominal value. Tests were conducted in natural 
circulation and with one or both recirculation pumps active. 

Four of the ten tests originating points were located in the extreme upper portion of the 
natural circulation curve: in particular, tests TC6 and TC6A were performed with power and flowrate 
values close to 52% and 30%, respectively. In both of these cases, the test starting conditions were 
achieved starting from stable operating points located on the natural circulation line and extracting 
the control rods until a (slowly diverging) limit cycle was achieved. 

Apart from neutron flux detector signals (APRM and LPRM), flowrates (in the core, in the 
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steam line, in the recirculation loops, including the jet pumps and in the feedwater lines), fluid 
temperatures (in the feedwater lines and in the recirculation loops), absolute pressure (at core exit) 
and differential pressures (across core and across jet pumps), were measured and recorded at high 
frequency. 

Decay ratios were measured in each test. DR values equal to 1 were obtained for tests TC6 
and TC6A. DR values were in the range 0.36 - 0.8, in the other tests, and oscillation frequencies 
(fundamental frequency of APRM) were in the range 0.42 - 0.5 in all cases. 

The main conclusions can be summarized as follows, ref, [6.99]: 
* oscillations always started in one zone of the core (detectable by LPRM and 

not by APRM) and afterwards propagated to the entire core: the delay of APRM 
oscillation recording, compared with LPRM oscillation recording, was of the order of a few 
minutes; 

* the oscillations were out of phase in two halves of the core; the symmetry line slightly rotated 
during the stability event; 

* the maximum amplitude of LPRM oscillation was equal to 60% of the nominal 
value, while the maximum amplitude of the APRM oscillation was around 12% of the nominal 
value; 

* the Fourier analysis of the APRM signals showed the presence of different components. 

6.2 Instabilities During Off-Normal Conditions 

A number of power oscillation events have been reported during the last 15 years. Several 
factors that have an important impact on stability of the BWR plant have been observed during these 
events, such as feedwater temperature, skewed radial and bottom peaked axial power distribution and 
power/flow mismatch. Both in-phase and out-of-phase oscillations have been observed. In this 
section a short overview of reported events is given, events that have occurred in BWRs from all 
three vendors. 

6.2.1 Description of Events 

In Tab. 6-14 we give an overview of some information of interest, given at the time of the 
event, with regard to the instabilities in the reactors mentioned in the following sections. This is given 
as an indication of where in the operating domain one have experienced stability problems. It is 
important to remember, however, that also other factors, notably the axial and radial power 
distribution in the core, will have an important influence on the stability behaviour of the core. 

6,2J.l Caorso-Italy 

Two different oscillation events have been reported to occur at Caorso NPP in Italy 
on June 30 1982 and January 13 1984. Caorso is a 865 MWe BWR designed by General Electric. 
The first event occurred during startup of the reactor (ref. [6.13]). The reactor thermal power was 
53.5% and the recirculation flow 38%. The operating point of the reactor entered the unstable region, 
the oscillations diverged and the reactor scrammed on high-high APRM signal (120% power). The 
second event (ref. [6.14]) occurred after trip of a recirculation pump and following loss of some 
preheater trains. The cold feed water and the strongly peaked axial power distribution led to neutron 
flux oscillations. This event is similar to the LaSalle event on March 9,1988 described below. 
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Power Plant 

Caorso 

Caorso 

TVOI 

LaSaîle2 

Porsmark 1 

Ringhafs 1 

Oskarshamn II 

Cofrentes 

Isar 1 

WNP-2 

Laguna Verdc 

Status of Plant 
Before Event 

Startup 

Power Operation 

Startup 

Power Operation 

Startup 

Startup 

Power Operation 

Startup 

Power Operation 

Startup 

Startup 

Initial Condition 
Power/Flow (%) 

54/38 

-/-

62/40 

84/76 

63/42 

73/50 

69/52 

41/31 

79/62 

36/30 

35/38 

Root Cause of Event 

Operation within unstable 

J r i p of one recirc. pump and 
loss of one feedw. preheater 
Loss of one feedw. preheater 
train 
Trip of two recirc. pumps, 
loss of one feedw. preheater 
train 
Operation within unstable 

Operation within unstable 

Operation within unstable 

Low feedwater temperature 

Trip of four recirculation 
pumps 
Skewed radial and axial 
power distribution 

Type of 
Oscillations 
aut-of-phase 

out-of-phase 

in-phase 

in-phase 

in-phase 

out-of-phase 

in-phase 

out-of-phase 

in-phase 

m-phase 

in-phase 

Tab. 6-14 - Summary of reported instability events. 

6.2.1.2 TVO-I-Finland 

On February 23 1987, a power oscillation event took place at the TVO-I in Finland 
when the plant was brought back to power after a short shutdown period. TVO-I is 
a 710 M We BWR supplied by ABB Atom. The lack of xenon and a distorted control rod pattern due 
to a stuck control rod produced a double humped axial power distribution, which is 
known to be very unfavourabie with respect to stability. The reactor core had a mix of 158 9*9-1 and 
342 8*8-1 fuel assemblies at the time. The reactor power was about 60% with a recirculation flow of 
30% when increased APRM signal oscillations started to appear. The 
peak-to-peak amplitude of the oscillations was about 12%. Since the power 
ascension procedures require a long hold time at 60% in order to build up xenon, these oscillations 
continued for several hours. However, the increased APRM noise level was left unnoticed by the 
operators. 

At the same time the plant personnel started to perform a periodical test of bypass function of 
the feedwater high pressure preheating. The test was carried out by using an automatic control device 
that bypasses the preheater train only for a short time. While testing the second train this device did 
not turn the bypass valves back into normal position. As a result of this malfunction the feedwater 
temperature dropped instantaneously about 25°C. After the cold water reached the core inlet the 
neutron flux oscillations started to diverge and after a few seconds the amplitude of the oscillations 
reached the scram limit at 90% power. 
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6.2.1.3 LaSalle2-VS 

On March 9 1988, LaSalle 2 underwent a dual recirculation pump trip following 
which the unit experienced excessive neutron flux oscillations while it was in natural circulation (ref. 
[6.15]). LaSalle 2 is a 930 M We BWR designed by General Electric. The unit had been operating at 
84% power with 76% flow when an instrument technician, performing 
surveillance on the initiation logic for the reactor core isolation cooling, opened a wrong valve. The 
resulting perturbation on the switches for anticipated transient without scram resulted in a trip of both 
recirculation pumps. This caused a reduction in flow to natural circulation, while 
the control rods remained in the 99% flow control line position. The resultant power-to-flow 
condition (about 40% power with natural circulation) after the pump trip was known to be a condition 
susceptible to instability. In addition, as a result of the rapid power reduction due to the loss of the 
recirculation pumps, there was a perturbation in the feedwater heaters causing a loss of various 
feedwater preheaters. This resulted in an insertion of positive reactivity as cooler feedwater was 
supplied to the reactor. The net effect was an increase in power that further reduced the margin to 
instability. 

Approximately 5 minutes after the recirculation pump trip, the operators noted that the 
average power range monitor (APRM) indications were oscillating between 25 and 50% power every 
2 to 3 seconds, and the local power range monitor (LPRM) alarms began to annunciate and clear. The 
operators unsuccessfully attempted to restart the recirculation pumps to re-establish the forced flow. 
Nearly 7 minutes after the pump trip, another attempt to restore the forced flow was unsuccessful 
and, while operators were preparing for a manual scram, the reactor automatically scrammed on high 
flux (118% trip). The plant was taken to cold shutdown. The oscillations were also in this case in-
phase. 

6.2,1.4 Forsmark 1-Sweden 

On January 15, 1989, annual stability tests were performed as part of the start-up 
measurements (see also Tab. 6-3). After having carried out tests in several of the selected operating 
points, it was obvious that the stability boundary was very close. Moving from one point to another, 
the operator chose to switch from the pump speed control mode to the power control mode. This was 
done at 71% power and 4700 kg/s. A remaining control mismatch led to a small decrease in core 
flow. This, plus possibly an influence from the power control system, caused power oscillations with 
an amplitude that increased to about ±20% after 20 s, enough the initiate a pump run-down. The run
down brought the reactor to 63% power and a core flow of 3700 kg/s. Here the oscillations increased 
again and after about 18s the amplitude had grown to ±25% and the reactor automatically scrammed. 
The oscillation frequency during the instability was 0.4 Hz, 

6,2.1.5 Ringhals lSweden 

On October 26 1989, when the Ringhals 1 NPP in Sweden was starting up for a new cycle, 
power oscillations were observed in the core. Ringhals 1 is a 750 MWe external pump BWR 
designed by ABB Atom. According to the start-up procedures, the operating point was established at 
the left corner of the recommended operating domain, at 75 % power and low flow (full power is 110 
% at Ringhals 1). When xenon was in equilibrium, the core flow was increased corresponding to a 
power increase of 2.5 % of rated power every 4 hours. At 80 % power a run-down setpoint was 
exceeded. The run-down brought the reactor to about 73 % power and a core flow slightly lower than 
the recommended minimum flow. In order to bring the reactor back into the recommended operating 
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domain, the operator increased the core flow but this again resulted in run-down. At the same time as 
some control rods were inserted to about 1 % , in-phase power oscillations appeared that grew to a 
peak-to-peak amplitude of about 16 %. A final, unsuccessful attempt was made to increase the core 
flow and stabilize the core in the recommended operating region before partial scram was manually 
undertaken. During the oscillation, several LPRMs gave a high level alarm, indicating that the local 
power in those positions had exceeded 118 %. The core was stabilized about 30 seconds after the 
partial scram. The main cause of the instability was considered to be the position of the operating 
point with an unfavourable power-to-flow ratio, but in the post event analysis it was concluded that 
the axial power distribution had a relatively large bottom peak. Also the insertion of some control 
rods to 1% occurred before the instability event; however, previous actions or events (e.g. feedwater 
temperature decrease) mostly affected the instability occurrence. 

6.2.1,6 Oskarshamn 2 - Sweden 

On January 8, 1990 a planned power reduction from 106% to 65% was performed in 
Oskarshamn II. The power was reduced by reducing pump speed to minimum. The endpoint in the 
operating domain was scheduled to be 65%/57% power/flow having a good stability margin, being 
outside the administrative exclusion region introduced shortly before (see section 6.1.4.3). However, 
the endpoint was in reality 69%/52%, just inside the exclusion region. After about 1 minute in this 
operating point, power oscillations had developed, having peak-to-peak amplitudes of ±10%. The 
APRM signals showed the oscillations to be in phase. The control mode of the reactor at the time did 
not allow a fast enough increase of the core flow, instead a manual partial scram was performed 
which completely quenched the oscillations. 

6.2.1.7 Cofrentes-Spain 

On January 29 1991, when the Cofrentes NPP in Spain was brought back to full power after a 
reactor scram, an oscillation event occurred (ref. [6.16]). Cofrentes is a 995 MWe BWR designed by 
General Electric. At that time, one train of feedwater preheaters was out of service and the axial 
power distribution in the core was strongly bottom peaked due to low inlet temperature, xenon 
transient conditions and a distorted control rod pattern. Oscillations appeared after the operator 
withdraw control rods and reduced core flow in order to transfer the recirculation pumps from low to 
high speed. Reactor power was 41% and recirculation flow about 38%. The peak-to-peak amplitude 
of the oscillations was about 13%. In this event, the oscillations were out-of-phase. The operator 
damped the oscillations by inserting some control rods into the core. After the event, the operators 
took another train of feedwater heaters in operation. Following restart, the operating point of the 
reactor entered again into the unstable region, deeper than before. The operators took immediate 
action to exit the region. Oscillations were not observed at this time due to higher feedwater 
temperature. 

6.2.1.8 Isar 1-Germany 

On July 3 1991, the Isar 1 NPP in Germany had a trip of four internal recirculation pumps, 
due to a reduction in seal water flow to the 8 recirculation pumps. Isar 1 is a 870 MWe BWR 
designed by Siemens. The plant was operating at normal full power at the time of the pump trip. As 
the reactor power was too high after the trip of the four pumps, the setpoint for EFA (pump speed 
reduction and control rod insertion) in the power-flow diagram was exceeded, initiating first a run-
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down of the four remaining recirculation pumps at the rate of 10 %/sec and i .5 seconds later a control 
rod insertion with the speed of 3 cm/sec. 

The power reduction due to the control rod insertion proved to be too slow 
to prevent the reactor from entering the unstable region of the power-flow map. Neutron flux 
oscillations with increasing amplitude appeared at about 50 % power and 30% core 
flow. When the oscillations reached a peak-to-peak amplitude of 30 %, corresponding 
to a peak power of 67.5 % at 30 % flow, the reactor scrammed on the undelayed setpoint of neutron 
flux to core flow ratio. This occurred 44 seconds after the trip of the four recirculation pumps 
(ref. [6.17]). 

6.2.1.9 WNP-2-USA 

On August 15 1992, Washington Nuclear Power Unit 2 (WNP-2) experienced 
power oscillations during startup (ref. [6.18]). WNP-2 is a 1103 MWe BWR designed by General 
Electric. The event occurred early in cycle 8 operation. The reactor core had 74 % 8*8 fuel assemblies 
and 25 % 9*9-1 assemblies. The 9*9 fuel assembly has a higher flow resistance than the 8*8 
assembly, with a difference of about 10 % in pressure drop. The reactor power was increased to about 
34 % and then held at that level for 3 hours to perform some periodical tests. The recirculation system 
operated with flow control valves (FCV) fully open and recirculation pumps at low speed. 

After completing the tests, the operators continued the restart along the 30 % flow line to 
about 36 % power. The operators then began closing one of the two FCVs in preparation for shifting 
the associated recirculation pump to high speed. During this change, in which power and flow 
decreased along the 76 % flow line to a power/flow of about 34%/27 %, the operators observed 
oscillations first on the APRMs and then on the LPRMs. Upon recognizing the power oscillations, 
the operators manually initiated a reactor scram. Post event review indicated that the oscillations were 
in-phase and had grown to a peak-to-peak amplitude of about 25 % of rated power. The oscillations 
occurred while the reactor was operating at a power of about 4 % of rated power below the lower 
exclusion region boundary line. 

Post event review and analysis also concluded that the primary cause of the 
oscillations was a very skewed radial and bottom peaked axial power distribution in the core (1.92 
radial peaking factor and 1.62 core average axial peaking factor). The control rod 
patterns which were used during the event were primarily directed towards achieving the target full 
power configuration rather than fulfilling stability requirements. It was also shown that the mixed 
core could be expected to be less stable than a full core of either 8*8 or 9*9 fuel assemblies. Finally, 
the analysis showed that, while the oscillations would be in-phase, as was observed during the event, 
the out-of-phase instability boundary would be very close to the in-phase stability boundary and even 
small changes in operating conditions could have resulted in out-of-phase oscillations. 

6.2.1.10 Laguna Verde Unit 1 - Mexico 

The Laguna Verde is a 652 MW(e) reactor designed by General Electric. During startup of the 
reactor on January 1995, with the reactor at 34% power, the operator was waiting to increase pump 
recirculation speed. Power was increased to 37% by control rod withdrawal and closure of the control 
valves of the pumps was initiated, thus leading to power reduction. During these operations the 
operator observed power oscillations with a tendency to diverge and he stopped the closure of the 
valves. At this time the peak-to-peak amplitude in the oscillations was 6%. The oscillations went on 
with increasing amplitude reaching a peak-to-peak amplitude of 8%, at which time the operator again 
started to open the valves of the recirculation pumps. There was a further increase in the peak-to-peak 
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amplitude of the oscillations up to 10% before the amplitude finally started to decrease. When the 
operator scrammed the reactor manually the peak-to-peak amplitude was 3%. The decay ratio during 
the event was about 1.06 and the oscillation frequency 0.5 Hz. The minimum and maximum power 
levels reached were 25% and 38.5%, respectively (see ref. [6.19]). 

6.2.2 Safety Significance of the Events 

In all oscillation events which have been reported, the reactor protection system, or the 
operator, have terminated the power oscillations long before the fuel design limits have been 
exceeded and no fuel failures have been observed in these events. However, in case of out-of-phase 
oscillations, high local power levels may be reached without the reactor protection system being 
activated. This is a shortcoming of the original reactor instrumentation in present BWRs. In this 
sense, power oscillations may be a safety concern as they could lead to local fuel failures. See also the 
discussion in Chapter I. A description of possible fuel failure mechanisms during power oscillations 
is given in Section 6.5. 

The ranking of the above mentioned events is either 0 or 1 on the scale of the IAEA accident 
classification INES, (ref. [6.88]). Criteria for 0 or 1 are as follows. 

LEVEL DESCRIPTION CRITERIA 

1 ANOMALY Anomaly beyond the authorized operating regime. This may be due to 
equipment failure, human error or procedural inadequacies. (Such 
anomalies should be distinguished from situations where operational 
limits and conditions are not exceeded and which are properly 
managed in accordance with adequate procedures. These are typically 
"below scale"). 

BELOW DEVIATION NO SAFETY SIGNIFICANCE 
SCALE/ZERO 

63 Model Application 

This subchapter deals with applications to commercial BWRs for cases where measured data 
exist. This calls for more or less full scope models in the code to handle the coupled neutronics and 
thermal-hydraulics of the fuel and coolant in the core as well as other reactor systems influencing the 
stability such as steam separators, recirculation loops and sometimes also control systems such as the 
pressure controller. A variety of codes have been used in these applications in order either to perform 
post-calculations against measured data in the reactor (stability measurement campaigns or instability 
events as described in subchapters 6.1 and 6.2, respectively) or to make predictions. In the following, 
we discuss first the available database where there is a trend in recent years towards more reliable 
measured data, then we address modelling aspects in some detail to try to conclude what level of 
sophistication is needed in the various models (see also Chapter 4) and finally we give a summary of 
the actual scope of application for various codes. 
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6.3.1 Adequacy of the Qualification Data Base 

Plant data are essential for the validation of computer codes for stability analysis. Separate 
effect experiments (e.g. T/H loop experiments) may be necessary for developing the basic models, 
but the stability behaviour of a BWR plant is such a complex phenomenon that full scale plant tests 
are necessary. Plant experiments were traditionally performed genetically by the reactor vendor for 
new generation of plants or when some special core or plant design features were introduced. With 
the design evolution in the direction of gradually lower stability margins and after the occurrence of 
some stability events, more frequent stability tests are now being performed on a regular basis by the 
BWR plant operators in Europe (see Section 6.1). Also, including stability predictions as a part of the 
core design practice, which is now being introduced in e.g. Sweden, requires better qualified codes 
and hence more and better measurements. 

The quality of recorded experimental data have gradually been improved with the experience 
gained from previous tests and the application of advanced data acquisition systems. Since noise 
analysis methods are predominantly used today, the introduction of new analysis methods like the 
ARMA method have also improved the test results considerable during the last few years. With 
reference to Tab. 6-15, the most valuable measurements are therefore the planned tests of a relatively 
recent date. Especially, the data from Ringhals-1 cycle 14,15,16 and 17, should be mentioned since 
they have been made available as an international OECD/NEA Benchmark. The data are complete, 
have been evaluated with state-of-the-art noise analysis methods and include state points with both 
global and regional oscillations. While Ringhals-1 is an external pump plant, extensive data also exist 
for internal pump plants (Forsmark, Oskarshamn, TVO, Kriimmel, Isar-1 and others). Jet pump 
plants are represented by for instance Leibstadt, which have complete data for global as well as 
regional oscillations. Data from stability events associated with plant transients exist for LaSalle, 
WNP-2 and Wtirgassen as well as others, and have been widely analyzed with satisfactory results 
using many different codes. Naturally, the unplanned transients (events) usually do not contain as 
complete data sets. However, the Wurgassen data are quite complete and are. also complemented by 
routinely planned measurements throughout several cycles of operation (Section 6.1). 

With the evolution of more complete and accurate codes, the accuracy requirements on the 
recorded data also increase. A definite limitation today lies in lack of recorded data on core power 
shapes at the state point of stability measurements; normally this is limited to LPRM readings and 
process computer predictions. Since these state points very often have extreme power shapes and the 
static core simulators are often not very well qualified at such low flow conditions, an accurate 
reference for the power distribution is therefore often missing. 

6.3.2 Modelling Approach 

The applications summarized in Table 6-15 include all code categories ranging from point 
kinetics to 3-D time domain codes and frequency domain codes. A standard engineering approach is 
applied in the use of 3-D time domain codes like RAMONA-3, SPDA, Standy, TOSDYN-2 and 
TRACG (cf. Section 4.3): a plant model compatible with that used for licensing transients and a 3-D 
core model compatible with that of static core simulators is set up and run. With fast methods like 1-
group nodal neutronics and drift flux ID T/H models, the full core can be simulated with all fuel 
channels represented as parallel flow channels. Employing more advanced 5- or 6-eq. T/H models 
usually require a lumping into fewer flow channels. The application of frequency domain codes like 
STAIF, LAPUR, NUFREQ and K2 requires support by more detailed 3-D static calculations and 
some engineering effort in defining the model, but are frequently used and the calculations benefit 
from being fast and requiring less computer resources. 

Judging from published results, there seems to be sufficient detail in 4-eq. drift flux models 
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for an accurate simulation of density wave effects. Applied numerical schemes like finite difference 
spatial discretization are known to introduce numerical damping in the results. Consistency in 
benchmark results, however, indicate that with otherwise robust numerical methods, the damping is 
small and the introduced error is systematic in nature. 

The stability behaviour of the reactor core is very sensitive to the power shape in the core and 
calls for an accurate 3-D neutronic model. Whenever lower dimensional models are used, they must 
be carefully tuned to represent corresponding 3-D results. For predictive calculations, such tuning 
may be required for every state point analyzed. 

Accuracy is a trade-off with computation time. Fast 3-D neutronics (1-group coarse mesh 
model) and 4-eq. T/H models seems to suffice for today's requirements both on accuracy and 
compulation time. Nevertheless, the future needs for compatibility with the 2-group advanced nodal 
codes and the 5-6 eq. T/H models in the transient codes and with an anticipated improvement of 
computer performance, the development will probably go in the direction towards the more detailed 
models employed in 3-D time domain analysis. 

In some respects, stability analysis requires very accurate modelling of some of the vessel 
internal parts. This is specifically true for irreversible pressure drops and friction terms in the two-
phase flow regime. Inertia terms of the two-phase flow is another example. The flow geometry in the 
core region is therefore very important, but the models are usually qualified through separate test data 
normally provided by the fuel vendor. A problem area is the flow through the steam separators, where 
data are sparse, especially with regard to dynamic (inertia) effects. Pump data under low flow 
conditions can also pose a problem for the modeller. Fortunately, these uncertainties often introduce 
systematic errors that can be compensated for by tuning the specific plant model against the test data. 
Nevertheless, more separate test data are desirable for such components. 

Conlcusions on the general subject of adequacy of any approach in setting up balance 
equations for studying two-phase flow evolutions are beyond the purpose of the SOAR on BWR 
stability. However, some considerations have been given above (see also sects. 4.4. and 4.5). 
Additional discussion and conclusions on this subjects can be found in refs. [4.27], [4.30], [4.36] to 
[4.39], [I.lj , [1.2] and [1.4] (this is not an exhaustive list). 

6.3.3 Verification Results 

A summary of code applications to actual plant measurements is presented in Table 6-15. The 
measurements and code applications are categorized according to the following: 

-Type of test : Test is a planned stability measurement. 
Event is an un-planned instability registration 

-Mode of oscillation: Damped is a stability measurement under stable conditions 
Global is an unstable state where the power oscillates globally in the 
core (m-phase) 
Regional is an unstable state where regions of the core oscillate out of 
phase 

-Simulation mode Post-calculations are code applications performed after the 
measurements have been performed and experimental results have 
been made available 
Pre-calculations are code applications performed before the tests (or 
without knowledge of the test results) 
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It is sometimes difficult to draw conclusions on the applicability of the various codes from the 
published results based on post-calculations. Results for the applications listed in Table 6-15 are in 
general quite good: RMS errors in predicted decay ratios are normally less than 10%, natural 
frequency deviations seldom exceed 5-10% and regional limit cycle oscillations are simulated with 3-
D time domain codes as well as frequency domain codes based on multi-channel models. However, 
there is always an element of model tuning to the known results - this may even be easier with a 
simple model than a more advanced and complete model. The only true objective measure of the code 
applicability to predictive calculations can be gained from pre-test (or 'blind' test) calculations; the 
OECD/NEA initiative of defining part of the Ringhals Benchmark as a blind test was a valuable 
effort to provide objective information on code accuracy. However, the process of tuning the codes to 
plant measurements is very important for improving the accuracy of the simulation; not only will it 
lead towards development of better physical models but also to recognition and elimination of 
systematic errors due to uncertainties in plant model parameters. 

In some cases assessment have been done of the influence of models and model parameters on 
code calculation uncertainties (see e.g. ref. [2.23]). However, no systematic analysis of code 
calculation uncertainties based on measured data have been published. A recent initiative has been 
taken by a group of European utilities to estimate the uncertainty in plant parameters, model 
parameters, etc. and by means of sensitivity studies with the RAMONA-3 code, and the application 
of systematic statistical methods, try to quantify the uncertainty in predictive calculations with this 
code (réf. [6.55J), The approach is similar to that applied for other safety-related code licensing 
calculations. 

It should be noted that Table 6-15 is not an exhaustive list of all code calculations concerning 
stability in BWR plants. As an example, ref. [2.49], concerning the use of a TRAC-BF1 NPP 
nodalization for stability studies, was not mentioned in the table because it deals with sensitivity 
studies not referring to a specific reactor condition. 

6.3.4 OECD/NEA Nuclear Science Committee Stability Benchmark 

Against the background of the experience described in Section 6.2 and the fact that several 
codes have recently been developed, or adapted, to analyse BWR stability, the Nuclear Science 
Committee within NEA concluded that a comprehensive and well defined set of data from stability 
measurements assembled in an international Benchmark would be of interest to many code developers 
and could also be of value in the licensing efforts presently under way in some countries. The 
Benchmark was launched in March 1994 (ref. [6.52]) and the final report is scheduled for mid-1996 
(ref. [6.54]). 

The Benchmark has the purpose to enable code developers to test their codes and also to 
validate the predictive capability of their respective codes and models for stability analysis. Emphasis 
has been put on the modelling of flow dynamics of the reactor core and in-vessel flow loop with 
detailed neutronic and fuel thermodynamic feed-back. The secondary systems as well as the control 
and protection systems were largely neglected. 

Data given comes from measurements at BOC 14 and 15 in the Swedish BWR reactor 
Ringhals 1, designed by ABB Atom and owned and operated by Vattenfall AB. For these 
measurement campaigns, the complete time series from the measurement was given as well as the 
usual evaluated stability parameters decay ratio and natural oscillation frequency. Measurements were 
also taken in cycles 16 and 17. Here all input data were given to perform the simulations but the 
measured data were not originally released. Thus the data from cycle 16 and 17 have served as blind 
tests for the predictive capability of the respective codes. The Benchmark comprises totally 41 state 
points from four cycles each with measured and evaluated decay ratios and natural frequencies. 
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PLANT 

Peach Bottom 2 

Vermont 
Yankee 

Caorso 

Gundremmingen 
B/C 

LaSalle-2 

Forsmark-1 

Forsmark-2 
Forsmark-3 
Krummel 

Leibstadt 

TYPE OF 
TEST 

Test 

Test/Even 
t 

Test 

Test 

Event 

Test/Even 
t 

Test 
Test 
Test 

Test 

MODE OF 
OSCILLATION 

Damped 

Global 

Regional 

Global 
Regional 

Global 

Global 

Damped 
Damped 
Global 
Regional 
Global 
Regional 

CODE APPLICATION 

Code 

STANDY 
FABLE 
ODYSY 
NUFREQ 
LAPUR 
TOSDYN-2 
DYNAS-2 
STAIF 
K2 
EPA 
STANDY 
TOSDYN-2 
FABLE 
STAIF 
K2 
RAMONA 
STANDY 
TOSDYN-2 
FABLE 
STAIF 
RAMONA 
DYNAS-2 
EPA 
RAMONA 
TRAC-BFl 
RETRAN 
STANDY 
TRACG 
FABLE 
RELAP5-MOD2 
TOSDYN-2 
K2 
SPDA 
RAMONA 
STAIF 
TRACG 
RAMONA 
RAMONA 
STAIF 
DYNAS-2 
RAMONA 
TRACG 
FABLE 
TOSDYN-I 

Simulation mode 

Post-calc. 
it 

ii 

H 

Post-calc. 

it 

Post-calc. 

« 

Post-calc. 

Post-calc. 

i t 

M 

If 

»r 

it 

„ 

Pre,Post-calc. 
Post-calc. 
Post-calc. 
Pre-,Post-calc. 
Pre-,Post-caIc. 
Pre-,Post-caIc. 

Pre-,Post-calc. 
Post-calc. 

ir 

Ref. [6.xx] 
xx: 

40" 
49 
45 
43 
44 
26 

102 
40 
38 
49 

30 
24 
35 
49 

20,21,29,46, 
47 

36 
31 
22 

37,42 
24 
41 
49 
53 
26 

30 
46,47 

51 

unpubl. 
20,47,48 

unpubl. 
41 
49 
26 

Tab. 6-15 - Overview of code applications to plant measurements (cont.) 
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Ringha!s-1 

WNP-2 

Cofrentes 
Oskarsharan-3 

Isar-1 
Wurgassen 

TVO-1 

TVO-2 

Dodewaard 
Laguna Verde 

Test/Event 

Event 

Test/Event 
Test 

Test 
Test/Event 

Test/Event 

Test 

Test 
Event 

Global 
Regional 
Global 

Regional 
Global 
Regional 
Global 
Global 

Global 

Global 
Regional 
Damped 
Global 

Internat. 
Benchmark 
LAPUR 
RAMONA 
STAIF 
DYNAS-2 
TRACG 
RAMONA 

STAIF 
RAMONA 
STAIF 
RAMONA 
TRAB 
STAIF 
RAMONA 
TRAB 
RAMONA 
RAMONA 
STAIF 

Pre-,Post-calc. 

Post-calc 
M 

•1 

Post-calc. 
Pre-jPosl-caic. 

Post-calc. 
Post-calc. 

Post-calc 

Pre-calc 
Post-calc. 

it 

Post-calc. 
Post-calc 

32,54 
100, 101 

50 

unpubl. 
33 

20,46,47 
unpubl. 
7,46,47 
30,39 

39 
25,46,47 
unpubi. 
unpubl. 

30 
19 

Tab. 6-15 - Overview of code applications to plant measurements (cont.). 

Moreover, in one of the BOC 14 measured state points regional oscillations were observed and 
measured offering an extended benchmark opportunity for those codes that operate in the time 
domain. 

The dead-line for participating in the blind part of the Benchmark was May 11, 1995 when 
the measured data of cycles 16 and 17 were released (see also refs. [6.100] and [6.101]). 

The given Benchmark time series data could also be used in validating models and algorithms 
used for on-line monitoring of stability. This is, however, not the purpose of the present Benchmark 
but has been proposed as a natural follow-up activity. 

There was a large variation in the type of approach taken by the eight participants in the 
Benchmark, This reflects the fact that the field of stability simulation is still under development so 
that the tools used by the participants represented everything from new code modelling to a 
conservative licensing methodology to rigorous best-estimate pre-calculations. Established codes, like 
RAMONA from BNL and Scandpower and STAIF from Siemens gave reliable results and performed 
well also in the blind test. 

There were two independent applications of each of these codes showing rather different 
results with the same code. This can be understood as a deliberate conservative choice of some model 
parameters and again is a reflection of the preferred mode of application: a varying degree of 
conservatism versus best estimate. Another well established code used in the Benchmark was 
LAPUR which was used by three of the participants. Here the results were rather good in post-
calculations but not so accurate in the blind test, although it was shown that a conservative design 
model could be defined. Finally, University of Pisa applied Relap5/mod2, using the Benchmark data 
for both pre- and post-calculations as part of their on-going development and validation of this tool 
applied to stability analysis (see also sect. 4.4.4). 
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As a more general conclusion, it may be stated that the results of the Benchmark show that 
without a 3D neutronic and thermohydraulic simulation of the core, predictions of BWR stability can 
not be expected to be very accurate in the general case. It is always possible to tune the simpler 
models! against known data and make them perform well, also in predictions for a new reload in a 
given plant, as long as the new core does not show any new characteristics with regard to fuel, loading 
or operation mode. It is also possible to tune the simpler models to perform conservatively and be 
reasonably sure that the predictions will bound the real decay ratio. Of course, this may have its price 
in terms of a lower utilisation of the fuel. These conclusions are in line with the conclusions in 
Section 4.4 and Section 6.3.2 of this report. For technical details and a deeper discussion of the 
Benchmark results, we refer to the Benchmark report issued by NBA Nuclear Science Committee. 
(ref. [6.54], [6.100] and [6.101]). 

6.3.5 Reload Design and On-Line Support 

Some utilities, e.g. in Sweden and Germany, perform best estimate stability calculations on a 
regular basis as part of the reload planning to verify that the new core can be operated 
with adequate stability margin. Thus, within Vattenfall precalculated decay ratios should not exceed 
0.5. Since the decay ratio when operating in die least stable region, as found from 
the stability monitor or deliberate measurement campaigns, should not exceed 0.8, there is in fact 
today a design margin of 0.3 in the precalculated decay ratio. A better knowledge of the 
uncertainty in predictive calculations, e.g. along the lines mentioned at the end of Section 6.3.3 above 
(ref. [6,5 5]), could lead to a smaller design margin, leading to less restrictions on the reload design, as 
well as relaxing the need to verify the stability of the reloaded core through measurements. 

Recently, Washington Public Power Supply System in USA installed the stability code STAIF 
for on-line support (ref. [6.92]). This was done as a follow-up action to the instability event that 
occurred in 1992 (see Section 6.2.1), The main purpose has been to pre-analyze control rod pull 
sheets to find alternative sequences that fulfd the limits on peaking factors and decay ratio during 
start-up. Typically, several hundreds of STAIF calculations are performed in this evaluation using 
input data from the on-line core monitoring software system and delivering the results to the control 
room. 

6.3.6 Recommendations 

Based on the discussion above, a few recommended actions are given, that will lead to a more 
accurate data base for code validation: 

0 Performing additional stability tests. 
° Complementing the test recordings with TIP recordings in order to verify the core power 

shapes at the test conditions. Measurement of core inlet subcooling would also be of value. 
° Providing more separate test data for components like steam separators and pumps (under low 

flow conditions) 
° Final validation based on precalculations 
° Applying systematic code uncertainty quantification methods to stability analysis. 
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6A Prediction of Plant Stability During Accidents 

Two important issues during neutron flux oscillations are oscillation detectability and fuel 
integrity. Fuel integrity is discussed in Section 6.5 and oscillation detectabiiity in Chapter 5, 
respectively. One failure mode of a fuel rod with oscillating power and flow is dry-out and so it is 
important to be able to predict the critical power ratio (CPR) and the onset of dry-out of the fuel rods 
in the core during oscillations. Test loop experiments have been performed in Japan (see Chapter 3) 
to study the boiling transition characteristics of BWR fuel under conditions similar to those in a BWR 
undergoing power and flow oscillations. 

Another issue of much concern is thermal hydraulic core instability following an Anticipated 
Transient Without Scram (ATWS). In this event, although it has a very small probability of 
occurring, especially in reactors with both hydraulic and mechanical scram function, one might expect 
oscillations with very high amplitudes. 

In the following we will discuss the simulation and prediction of these instability phenomena 
for which we have to date no reactor measurements. 

6.4.1 Thermal Margin Evaluation in a Core Undergoing Power Oscillations 

The code TOSDYN-2 has been used to evaluate the thermal margin with respect to critical 
power for both global and regional oscillations (refs. [6.65] and [6.96]). The event in LaSalle (see 
Section 6,2) was taken as an example for the case with global oscillations. By extending the 
calculations (using a hypothetically increasing subcooling) until the neutron flux oscillation peak 
reached the point where the CPR took a value less than the safety limit minimum CPR (SLMCPR, the 
design value), and observing the corresponding core power level, one can conclude that in the LaSalle 
event the MCPR had a sufficient margin to the safety limit for dry-out when the scram occurred. 

Clearly, a similar approach could be used also in the post-analysis of other events in order to 
judge the severity of the observed oscillations from the point-of-view of dry-out In principal, the 
same approach could be taken in the pure predictive mode, but then we have the added uncertainty 
from lack of validation. 

In the case with regional oscillations a pure hypothetical case was set up with TOSDYN-2 to 
study the relation between the change in CPR in a hot channel and the corresponding LPRM signal. It 
was concluded that one may expect that the LPRM will detect a regional oscillation before the 
dynamic MCPR reaches the safety limit, even though the CPR-change is larger in a regional 
oscillation than in a global oscillation with the same neutron flux amplitude. However, more general 
analysis of regional power oscillations would be needed in order to disprove the statement in Section 
6.2.2 that regional oscillations could be a safety concern. 

6.4.2 Prediction of Instability During Anticipated Transient Without Scram (ATWS) Conditions 

6.4.2 J Basic Scenarios and Safety Significance 

Combined ATWS/instability events result either from the failure to scram during core 
oscillations or from recirculation pump trip (RPT) due to appropriate ATWS signals. A typical 
anticipated transient leading to oscillations is an inadvertent RPT from rated power. The core flow 
coast-down to natural circulation pushes the reactor into the exclusion region of the power-flow map. 
If oscillations develop and control rod insertion would fail, large, diverging amplitudes are possible. 
Moreover, pressurization transients initiated by e.g. reactor isolation (closure of all MSIVs) or 
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turbine trip with subsequent failure to scram also result in oscillations. During these pressurization 
events a RPT on high pressure is initiated. This RPT is one of the specific hardware modifications for 
BWRs defined in the ATWS Rule (réf. [6.56J). Additionally, because feedwater heaters are fed by the 
turbine steam, feedwater heating will be lost, resulting in more subcooiing at the core inlet. 
Depending on the availability and capacity of the turbine bypass, the above ATWS pressurization 
events result also in more or less rapid suppression pool heat-up through the safety/relief valves 
(SRVs). 

The safety concerns are that under ATWS conditions, oscillations might grow to a point 
where fuel and containment integrity could be challenged: Large power oscillations could result in 
dry-out on the fuel rods with failure to rewet, and they give rise to an increase in time-averaged 
fission power which causes the suppression pool temperature to reach its limit (about 80°C) faster 
than during normal ATWS conditions. 

The probability of a combined ATWS/instability event is extremely low. The major reasons 
are that insertion of only a few control rods during the postulated event would be sufficient to 
preclude large amplitude oscillations, and not all ATWS events would result in oscillations. One 
should also have in mind that all BWRs have an alternative rod insertion (ARI) system, as another 
hardware modification of the ATWS Rule. 

6.4.2.2 Modeling Aspects 

Accurate analysis of ATWS/instability events is very complex. It requires detailed modelling 
of the sequence of events, involving component failures, the Balance of Plant (BOP), the control and 
plant protection systems and operator actions. Codes such as TRACG, EPA, RETRAN-03 or 
RAMONA-4B (see e.g. ref. [6.103] and Tab. C-17) have been used to simulate such events. An open 
question seems to be the code verification and assessment of uncertainties under the 
ATWS/insfability conditions. 

6.4.2.3 Analysis of the LaSalle-2 Incident With A TfVS 

Most investigations addressing the ATWS/instability issue have been performed in the U.S. 
They were started in response to the LaSalle-2 instability event in 1988, described in more detail in 
Section 6.2. We recapitulate that this event began as a result of an automatic trip of the recirculation 
pumps in response to a false ATWS (low water level) signal. The studies addressed the question : 
What would have happened if the scram had failed? 

In ref. [6.58] the BNL Engineering Plant Analyzer (EPA) was used for simulating the 
LaSalle-2 instability event with postulated scram failure. First, by comparison with measured plant 
data, it has been shown that EPA was capable to reasonably simulate the LaSalle-2 oscillatory 
transient up to 118 % of full power when the reactor was scrammed. Then a scram failure was 
simulated on the EPA. The objective of the analysis was to determine whether or not the oscillations 
would be self-limiting and what the maximum amplitude and the time average of the power 
oscillations would be. The time average of fission power determines the rate of suppression pool 
heat-up, when the reactor vessel becomes over-pressurized. 

1'he EPA simulation shows that 
-the large-amplitude oscillations are self-limited due to Doppler and void reactivity feedback 
-the maximum fission power is 1300 % of rated power 
-the time average fission power rises to 86 % of rated power 
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-the Minimum Critical Power Ratio is periodically below 1.0 indicating that temporary dry-
out occurs 

With respect to the dry-out behaviour, it must be mentioned that the rewet modelling in the 
EPA has great uncertainties because of the lack of experimental data for rewetting in oscillating 
flows. These uncertainties will have a very large impact on assessing fuel damage. 

Similar calculations for the LaSalle-2 instability event with postulated scram failure have been 
performed with the TRACG code (ref. [6.61]) showing maximum power oscillation amplitudes of 
only 200 % of rated power, i.e. a factor of seven lower than the EPA results. In ref. [6.59] it has been 
found that the omission of BOP feedback effects in the TRACG calculation could be a reason for 
underpredicting the amplitude of fission power oscillations. In the TRACG calculation constant 
feedwater flow and temperature, after scram conditions are exceeded, were imposed as a boundary 
condition. By contrast, in the EPA model these parameters had been simulated dynamically; the 
feedwater flow rate increases so as to maintain coolant inventory in the vessel, and the feedwater 
temperature is given by the heat transfer between extraction steam and feedwater. Repeating the EPA 
calculation with fixed feedwater conditions reduced the amplitude of fission power oscillations by a 
factor of 3.5, thus demonstrating the importance of plant feedback effects. 

On the other hand, TRACG was used to address in a general way ATWS rule issues relative 
to stability (ref. [6.90], prepared for the BWR Owners Group) with application to both pump trip and 
turbine trip in high power density plants similar to the La Salle plant. The sequence of events and 
initial state point were chosen in a conservative way and operator action according to the Emergency 
Procedure Guidelines was assumed. The case with the turbine trip is the limiting one. The main 
conclusion from this study is that the level of safety expected from the requirements of 10 CFR 50.62 
is not compromised because of stability. Specifically, compliance is shown with the following five 
acceptance criteria, articulated by USNRC (ref. [6.91]): 

- Although a local high peak clad temperature is calculated and some fuel damage can not be 
precluded for some cases, peak fuel energy deposition is in all cases less than 280 cal/g. Stability-
related oscillations are not expected to significantly distort the core, impede core cooling or 
prevent safe shutdown. 

- Stability-related oscillations pose no challenge for the primary system integrity. 
- Containment integrity is maintained for ATWS events through existing EPG actions, independent 

of the presence of oscillations. 
- Thermal-hydraulic oscillations pose no challenge to long-term shutdown and cooling capability. 
- Radiological consequences are no more severe than those previously calculated for ATWS events 

without oscillations, and are significantly below 10 CFR 100 guidelines. 

Finally, one must keep in mind the possible limitations inherent in the models of present codes 
to describe oscillations of very large amplitudes. There is simply not enough data to perform a proper 
code validation in this area of application. 

6.5 Consequences Concerning Fuel Integrity 

In this section we discuss possible failure modes and limiting phenomena for BWR fuel in 
relation to core power oscillations. 

Thermal-hydraulic flow instability may cause large fluctuations in the global or local neutron 
flux in BWR cores. The resulting power oscillations, at a frequency 0.4-0.5 Hz in the fuel rods will, 
however, produce fuel temperature and heat rate changes which are considerably damped and delayed 
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(due to the thermal inertia), typically by a factor >10 and 85-90° out of phase relative to the imposed 
heat generation rate. In this section some experimental investigations in test reactors, and experience 
and results from NPP with relevance to the BWR stability issue, are reviewed. 

In the following we discuss first in general terms PCÏ, one of the potentially limiting 
phenomena. In Section 6.5.2 we look at the fuel rod behaviour under cyclic conditions, there is a 
considerable experience from load follow operation in many reactors which in some respects has a 
similar effect on the fuel as instability oscillations. This section also deals with fission gas release and 
mechanical properties of the cladding like strain levels, fatigue life etc. 

Another possible failure mechanism in power oscillations is dry-out, which is studied in 
Section 6.5.3. An extreme case would be oscillations creating prompt criticality in some fuel 
assemblies. In this rather hypothetical situation, that could perhaps be ruled out by more analytical 
studies, the fuel would be exhibited to a power and temperature increase similar to that in reactivity 
insertion accidents (RIA). A short survey of studies on the RIA case is therefore included in Section 
6.5.4. Finally, in Section 6.5.5, a summary is given of the findings and conclusions relevant for BWR 
fuel dming or following core power oscillations. 

6.5.1 PCI/SCC Fuel Rod Behaviour. General 

Pellet-clad interaction (PCI) failure of LWR fuel may occur when the power rating of the fuel 
rod is increased beyond previous levels by a certain, critical amount. Depending on fuel rod design 
and burn-up, minimum power ramp terminal levels have to be exceeded in order to produce cladding 
breaches. PCI-rype failure results from the combined action of mechanical loading (differential 
thermal expansion between fuel pellet and cladding) and chemical attack (release of aggressive 
fission products from the fuel). Results from test reactor programmes and laboratory investigations 
strongly suggest that minimum values for both cladding stress and fission product concentration in 
the gap have to be exceeded for PCI/SCC failure to develop in LWR fuel. Initiation of cracks at the 
cladding inside surface and propagation through the wall is a time-dependent process influenced by 
the stress state of the cladding, rod internal chemistry and the properties of the fuel cladding which 
change with bumup. 

Over the years comprehensive test programs have been conducted at Studsvik, Petten and 
Halden, with the objective of contributing to the understanding of the PCI phenomenon for 
commercial type fuel rods at high burnup, under power ramping conditions, and to establish a PCI 
failure threshold for such fuel. Failure resistance of various PCI remedy designs has also been 
investigated. 

Some general observations are: 

- PCI/SCC failure resistance is specific to the rod design and materials (fabrication route) used. 
- PCI failure threshold decreases with burnup, but levels off at moderate exposure. 
- A minimum power increase is required to produce sufficiently high cladding stress. 
- Once the PCI failure threshold is exceeded, cladding cracks will develop within a few hours. 

For standard BWR non-liner fuel the typical failure threshold is 40±2 kW/m, the minimum 
power increment 8-12 kW/m and time-to-failure <10 hours for burnups above 15 MWd/kgU02. 
Advanced fuel rod designs in commercial use have shown considerable improvement with respect to 
PCI/SCC failure behaviour. 
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6.5.2 Fuel Rod Behaviour under Cyclic Power Conditions 

A good knowledge of fuel rod operating temperature is important for evaluation fuel 
performance and in making safety assessments, since it determines the fuel stored energy, influences 
fission product release and the mechanical response and hence the integrity of the fuel rods. Fuel 
temperature may change during irradiation due to changes in gap heat transfer and in the fuel thermal 
conductivity with burnup. The former is sensitive to alterations in the effective gap width (caused e.g. 
by cladding creep, fuel swelling and relocation) and in the gap gas composition (extent of fission gas 
poisoning). Studies of steady-state and transient fuel thermal behaviour at Halden have covered a 
wide variety of fuel designs and operating conditions and are carried out using high temperature 
tungsten/rhenium thermocouples, fitted along the axial centre line of fuel rods, expansion 
thermometers and noise analysis techniques (refs. [6.66]-[6.69]). 

6.5.2 J In-Reactor Operating Experience 

Surveys of fuel performance experience during load follow operation in Sweden, Germany, 
US and France have been presented at international meetings on LWR fuel behaviour at high burnup 
over the last ten years (Stockholm (86) ,Wiîliamsburg (88), Studsvik (90), Avignon (91), West Palm 
Beach (94)). In France most of the NPPs (PWR) are also operating in automatic frequency control 
mode (AFC), so that considerable experience of such severe operating conditions has been 
accumulated in EDF plants (refs. [6.70]-[6.73]). 

From a very broad statistical base, all these investigations show that there is no adverse 
influence of load follow and frequency control operation on fuel behaviour and in particular there is 
no or little influence on the occurrency frequency of leakages (France). 

In terms of power change amplitude, the AFC operation mode is similar to the cyclic power 
conditions prevailing during BWR instability events which were discussed at the International 
Topical Meeting on LWR Fuel Performance in April 1994 (ref. [6.74]): 
"Many utilities, especially those with a large fraction of nuclear or hydroelectric capacity, operate 
their plants in the load follow mode. In addition to load follow operation, which involves power 
changes up to 50%, smaller power changes of approximately 4% are used to maintain constant line 
frequency. Studies completed thus far in test reactors and in plants without defected fuel have shown 
that fuel performance is not affected by load follow operations, even though fission gas release may 
be somewhat higher. For the past three to four years, a large number of plants have operated with 
extensive load follow in France, Sweden and the United States, without any evidence of increased fuel 
failure rates." 

6.5.2.2 Fuel Dynamic Temperature Response 

Studies on fuel transient thermal response have been carried out by subjecting rods fitted with 
thermocouples to rapid power drops (reactor scrams) and excursions (moveable solid neutron 
absorbers). Depending upon fuel rod diameters, gap size and gap gas compositions, the dynamic 
temperature response will be widely different, with time constants varying from 4-5 s to 12-14 s. As a 
part of the investigations of fuel rod thermal properties a transient temperature code, SCTEMP, has 
been developed at the Halden Project and verified against in-pile measurements (ref. [6.67]). 

Figs 6-10 and 6-11 show the dynamic thermal response of BWR fuel to hypothetical large and 
rapid power oscillations, calculated by the SCTEMP code. The rod outer diameter is 12.25 mm 
(corresponding to 8*8 fuel) and the steady-state fuel centre temperature-power relationship for fresh 
and irradiated fuel used in the code is depicted in Fig. 6-12. The imposed power generation is 
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assumed to vary between 0 and 40 kW/m during oscillations which typically have a period of 2 to 3 
seconds in BWRs. 

The time-dependent changes in the fuel centre temperatures and the heat rate variations are 
calculated for two different power-time shapes. Due to the thermal inertia of the fuel rods (time 
constant 5-7 s.) such rapid and cyclic power changes will produce swings in fuel center temperature 
and heat flux which are strongly damped and delayed. 

As can be seen, cyclic power variations of ±100% around 20 kW/m, result in heat swings of 
±10-12% and temperature oscillations of ±4-5% around the steady-state values. The phase shift 
between power generation and the two response variables is close to 90°. Fuel rods with a smaller 
diameter, as in 9*9 or 10*10 fuel, will react more quickly and see larger amplitudes in temperature 
and heat rate but the phase shift will remain >80°. 

BWR Fuel response io power oscillations 
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Fig. 6-10 - Calculated thermal characteristics of BWR fuel rods subjected to large and 
rapid power oscillations, Ref. [6.671. 
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Fig. 6-11- Calculated thermal characteristics of BWR fuel rods subjected to large and 
rapid power oscillations, Ref. [6.67]. 

6.5.2.3 Test Reactor Data on Fission Gas Release (FGR) and Mechanical Response 

Two relevant test series at Halden are summarized in the following. 
In one of the test series, data on the kinetics and overall fission product release of two PWR 

type rods under power cycling (load-follow) and steady operating conditions in the burnup range 25-
55 MWd/kgU02 were obtained. Two 40 cm long PWR type rods, base irradiated at a rating of 20 
kW/m to burnups of 25-28 MWd/kgU02, were reinstrumented with bellows pressure transducers, 
and subjected to periodic load follow operation (ref. [6.75]). 

Rod pressure and free volume measurements made after reinstrumentation indicated negligible 
gas release at the end base irradiation. After a conditioning period of two months at 40 kW/m, four 
load follow tests were performed, each lasting from 10 to 14 days. Rapid power changes were 
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obtained by the He3 gas control system. The maximum linear power level was ~ 40 kW/m and the 
period was 24 hrs in test 1 (daily load follow) and 12 hrs in the others. 

On several occasions during irradiation, power cycling was induced by load follow tests 
performed in a neighbouring assembly. In these cases the maximum power, as well as the power 
changes, were considerably lower. The axial power profile along the rod was rather uniform during 
irradiation. 

Raring and rod pressure histories for the two rods are depicted in Fig. 6-13. Continuous 
monitoring of the rod internal pressure during irradiation indicated that there was little or no effect of 
cyclic power variation on FGR, which depended mainly upon power rating. Similar tests at Halden 
exhibit the same trend. 

A series of irradiation experiments have been performed at Halden (ref. [6.76]). The fuel for 
these tests came from short (1 meter in length) zirconium liner fuel rods which had been irradiated in 
a power reactor. The rods were refabricated at the GE Vailecitos Nuclear Center in USA into short 
rodlets and reirradiated in the Halden reactor. The outer diameter change of the cladding, as well as 
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Fig. 6-12 - Temperature-power relationships for fresh and irradiated BWR fuel rods used 
in the dynamic analysis (previous two figures), Ref. 16.67]. 
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the rod internal pressure, were monitored on-power. Figs 6-14 and 6-15 give some measurement 
results. 

Three types of tests were performed in the Halden reactor and each test included two barrier 
rodlets, one at an exposure of ~25 MWd/kgU and one at -45 MWd/kgU at the beginning of the 
Halden test 

One test series simulated daily load follow operation in which the fuel was cycled between 
85% and 50% power for seven days, followed by 43 power cycles between 100% and 50% power at 
the rate of one cycle per day, and finally, 100 accelerated load follow cycles between 100% and 50% 
power at the rate of one cycle per hour for a total of 150 power cycles. The next test series simulated 
AFC operation in which the fuel was cycled between 85% and 70% power for seven days, followed 
by 21 days of cycling between 100% and 85% power at the rate of one cycle per minute for a total of 
>39000 cycles. The final test was performed at a constant 85% for seven days followed by 100% 
steady operation for -36 days. The 100% power level in these tests is -46 kW/m at 22 MWd/kgU 
and -36 kW/m at 44 MWd/kgU. None of the barrier fuel rods failed in any of the tests. 

There was no significant difference in FGR between the power cycled and non-cycled rodlets. 
Power cycling appears to increase the initial rate of FGR but, after a burnup increment of 1 to 1.5 
MWd/kgU following the initial power rise, the release fractions are about the same. The cyclic 
diametral strains measured on-line were small and decreased with cyclic operation to -0.06%. There 
was no measurable permanent deformation. Strains of this magnitude are not expected to degrade the 
fatigue life of the cladding. Post-irradiation examination confirmed the on-line pressure and diameter 
measurements. 

According to results shown in Figs 6.10 and 6.11, flux and flow instabilities in BWR cores 
may cause power rating variation in the range of 3-5 kW/m which is similar to that simulated in the 
tests above. Determination of the cladding hoop strains imposed under such operating conditions 
require code calculations or in-pile rod diameter measurements. Such in-reactor rod diameter 
measuring capabilities have been available at Chalk River (ref. [6.77]), Grenoble (ref. [6.78]) as well 
as Halden where such measurements have been carried out as part of the fuel testing program since 
1971. Claimed accuracy at all test facilities is within ±2 mm. For clarifying aspects in relation to 
fatigue damage of irradiated cladding tubes subjected to variable loading conditions, the cladding 
hoop strain during power changes in small gap rods or high burnup (closed gap) fuel need to be 
quantified. 

A relevant test series at Halden focused on in-pile measurements of clad hoop and axial 
deformations, as well as on internal pressure of rods subjected to ramp and changing power 
conditions in the burnup range 30-42 MWd/kgU02 (ref. [6.79]). The performance of three BWR 
sized rods was studied, one with solid and dished pellets, one with annular and chamfered flat end 
pellets and one with small gap and chamfered flat end pellets (of interest here) (see Fig. 6-16). The 
in-reactor measurements of mechanical response included rod length and cladding diametral 
deformations, with emphasis on the onset of fuel/clad interaction, rate of deformation upon power 
increases and extent of relaxation during power cycling. 

During power cycling and load follow in the burnup range 30-35 MWd/kgU02, strong axial 
and radial interaction effects were observed in the small gap rod (60 um). Interaction occurred at a 
heat rating of-20 kW/m, and average axial and hoop strain rates of 0.08-0.12% per 10 kW/m were 
repeatedly recorded at high ratings. Cyclic power changes between 24 and 38 kW/m produced 
cladding diameter changes of 13-15 um cooresponding to a hoop stress of 100-120 MPa. Some strain 
relaxation occurred during the first few days, but significant cladding stress and strain rates at 
maximum ratings persisted after many days of continuous load follow operation. Slightly larger 
stress/strain amplitudes were measured in the hoop direction. Larger hoop strain rates were measured 
at pellet ends than at mid-pellet positions. 
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6.5.2.4 Fatigue Data on Irradiated Cladding Tubes 

A literature review on fatigue and fracture toughness properties of Zircaloy and factors that 
influence these has been made (ref. [6.80]). Neutron irradiation has no significant effect on either low 
or high cycle fatigue, except for a small reduction in the number of cycles to failure in the high strain 
area. The fatigue life of Zircaloy increases with increasing temperature as has been shown by 
different authors. Neither the oxygen nor the hydrogen content of the Zircaloy were found to 
influence the fatigue properties if the fuel burnup is below 30 MWd/kgU, In addition, no. influence 
was observed from hold times at maximum loading. An iodine containing environment lead to 
reduction of the fatigue life by 40% as reported by one author, however, a second report on testing 
with iodine did, not confirm this effect. A general point, that was brought forward by several authors, 
was the influence of the material condition (in particular the texture, the microstructure of the 
cladding surface) on the fatigue properties. 

Fig. 6-17 presents fatigue data on irradiated Zircaloy material at room temperature and at 
316°C. It shows the endurance relationship of the alternating stress amplitude versus life, known as 
the S-N curve. The endurance limit (below which no fatigue will occur regardless of the number of 
cycles) is around 117 MPa at 316°C for both irradiated and unirradiated material. 

Fig. 6-17- Fatigue data on irradiated Zircaloy -2 (L5*1021 to 5.5*102* nvt>0.625 e V), 
Rcf. [6.801* 

Effects of neutron irradiation and iodine as a corrosive fission product on the fatigue 
behaviour of Zircaloy-2 fuel cladding tubes were investigated (réf. [6.81J) using two different types 
of test specimens, in order to evaluate the fatigue strength of BWR fuel subjected to such variable 
loading conditions as load follow or AFC operation. Neutron irradiation was found to increase the 
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fatigue life of the cladding tube when the total strain amplitude was above 0.30% and decrease it 
when below 0.30%, The fatigue limit of unirradiated Zr-2 tubes was shown to be 0.22% and neutron 
irradiation reduced the value to 0.18%. The total strain amplitude of 0.18% was found to coincide 
with the elastic strain at the proportional limit under the uniaxial tensile test of irradiated Zr-2. A 
hoop strain of 0.18%» of a BWR type fuel cladding (corresponding to ~22 urn) is a factor 4-5 larger 
than the strain values expected to occur as a consequence of power oscillations normally generated 
under BWR instability events. 

The fuel burnup range of presently available fatigue data is only up to 30 MWd/kgU. Current 
maximum fuel burnups are within the range 30-60 MWd/kgU. In that range the high burnup effects 
such as hydriding, embrittlement and iodine partial pressure inside the fuel rod may become an 
important factor in connection with fatigue. That type of experimental fatigue data is not available at 
the moment. 

6.5.3 Dry-Out Fuel Rod Behaviour 

LWR cores may be subjected to different thermal-hydraulic transients and power oscillations 
resulting in inadequate core cooling for short periods of time. Inadequate core cooling may result in 
departure from nucleate boiling (DNB) in PWRs and in BWRs as short time dry-out. Current 
licensing criteria require that LWR fuel rods should stay below boiling transition in both normal 
operation and operational transients in order to ensure their integrity during and after these conditions 
(ref. [6.82]). Short term dry-out events may cause overheating at the cladding surface due to an 
imbalance between heat generation and heat removal. The severity of rod surface temperature rise 
after boiling transition is generally considered to be less for BWR than for PWR due to the relatively 
higher heat transfer coefficient after dry-out and lower heat flux in the BWR environment. Typically, 
the integrity of fuel cladding at such elevated temperature is governed by oxidation embrittlement. 
The data of fuel failures related to oxidation are summarised in ref. [6.83] and the boundary line 
between ductility (no failure) and embrittlement (failure) is a function of the cladding temperature and 
the time at temperature. 

The issue of fuel dry-out is handled in different ways in different countries. For some events, 
clad temperature history during a dry-out transient is not discussed directly with regulatory 
authorities. In other events (US-NRC, KTA rules in Germany, see Chapter 7 for clarification) a clad 
temperature limit of 600°C for 60 seconds has been proposed as a failure criterion for fuel with a 
burnup <20 MWdVkgU. whilst in other cases different temperature time limits are considered as clad 
failure criterion for severe dry-out transients. 

In order to develop fuel integrity criteria for dry-out based on clad temperature history, 
thermal-hydraulic data and analysis are required, together with mechanical test data, in-pile test data 
and post dry-out post irradiation examination (PIE). Moreover, the new information must be applied 
and incorporated into safety analysis methods. 

In ref. [6.84] a summary is given of an irradiation experiment which was carried out in the 
early seventies at the Halden project. It was devoted to the study of the long-term behaviour of 
Zircaioy clad UO2 fuel operating close to and under dry-out conditions. The rod design was standard 
BWR at that time and the fuel bundle consisted of 9 rods in a 3*3 lattice. The test rig operated in the 
Halden reactor for a total of 686 days. The peak heat flux was about 130 W/cm? and the pellet 
burnup was approximately 30 MWd/kgU. By decreasing the coolant flow, a total of 81 short dry-out 
events were induced, with a total accumulated time of more than 20 minutes at dry-out conditions. 
Cladding extensometers were utilised as dry-out detectors. The rig operated satisfactorily without any 
indications of activity release. PIE verified that the bundle was intact, however, the fuel rods had 
heavy crud deposits. The cladding tubes exhibited areas with high hydrogen content but were free 
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from leaks and cracks. Regarding the deuterium pick-up, the values about 240 ppm were higher than 
normal even considering the long exposure time. The increase in pick-up was about a factor of 2 
higher compared to other experiments. The successful performance of the rig demonstrated that even 
repeated dry-out events in a BWR fuel assembly do not necessarily cause fuel damage. 

Recent work on the post dry-out properties of Zircaloy cladding has been presented in ref, 
[6.85]. The effects of high temperature (700-10002C) transients on corrosion properties, hydrogen 
uptake and mechanical properties of Zircaloy cladding material were studied in an out-of-pile test 
facility. These effects are relevant to a situation where BWR fuel cladding experiences a critical heat 
flux condition event of short duration. No fuel rod damage occurs and the fuel rod can continue to 
operate. This situation is referred to as the post dry-out condition. 

As long as the cladding temperature remains below the a+p phase transformation at about 
800°C in a dry-out of short duration, changes of cladding oxidation properties at normal operating 
temperature remain small Since cladding oxide weight gain is small during a short dry-out sequence, 
cladding oxidation will not define the limit for maximum transient duration. The change of cladding 
post diy-out mechanical properties will be small if the cladding transient temperature remains below 
800°C. Cladding yield strength defines the maximum acceptable cladding temperature during a 
transient. For cladding temperatures below the limit set by the yield strength, cladding creep limits the 
acceptable transient duration. 

The objective of the work presented in ref. [6,86] was to provide information on the strength 
recovery and annealing properties of pre-irradiated Zr-2 cladding. The test specimens used were 
cladding tubes irradiated to afluences of 2.7*1 O^5 n/m^ (E>1 MeV). Specimens with a thermocouple 
welded on them were heat treated at 500-700°C for 5-600 seconds to simulate short term dry-out. 
Tensile; tests, hardness measurements, fatigue tests and x-ray analysis were made on the specimens to 
compare their mechanical properties with those of unirradiated cladding tubes. Recovery rates were 
defined as 0% and 100% when each property of the heat treated specimens was equivalent to that for 
as-irradiated and unirradiated specimens, respectively. Recovery rates for the cladding heat treated at 
600°C for 15 seconds were found to be 80% for both ultimate tensile strength and hardness. The 
fatigue life of the same specimen recovered to that of the unirradiated one. The recovery rate obtained 
suggested that more than 90% of the irradiation damage in the specimens with the heat treatment of 
600°C for 15 seconds was annealed out. Measurements of mechanical properties revealed that the 
annealimg rate of irradiated BWR fuel cladding was larger than previously reported. The difference in 
the annealing rates was attributed to the difference in damages induced in each material. 

6.5.4 Test Results Related to Reactivity Insertion Accidents 

Since 1975, extensive studies on transient fuel behaviour under reactivity insertion accident 
(RIA) conditions have been conducted at the Nuclear Safety Research Reactor (NSRR) of Japan 
Atomic Energy Research Institute (JAERI), ref. [6.87]. An experimental program with pre-irradiated 
LWR fuel rods is under way. 

Another test program is underway in the CABRI reactor with the objective to study fuel 
behaviour in RIA conditions (ref. [6.89]). 

In both experiments, some irradiated fuel rods failed at a lower energy deposition level than 
was expected from previous experience. Namely, in the CABRI and NSRR experimental programs, 
high bumup fuel rod specimens under RIA conditions failed at peak fuel enthalpies as low as 30 and 
60 cal/g, respectively. In addition, there was clear evidence that burnup extension reduces cladding 
integrity and modifies pellet structures. There were also rods within the same range of burnup which, 
at a higher level of energy deposition, did not fail. Thus it seems that degradation of fuel material, 
not always related to burnup, may affect the durability of the fuel during RIA conditions. 
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It should be emphasized, however, that the RIA scenario is a very hypothetical and remote one 
in the context of core stability. 

6.5.5 Overview of Significant Results Related to Fuel Behaviour Under Power Oscillations 

* Comprehensive test programs have improved the understanding of the PCI phenomenon for 
commercial LWR fuel rods at high burnup and established a PCI failure threshold for such fuels. 
Advanced fuel designs have shown substantial improvement with regard to PCI failure behaviour. 

* In-reactor operating experience from a broad data base suggests that there is no adverse influence 
of load follow and frequency control operation on fuel behaviour and there is no or little influence 
on the occurrence frequency of leakages (France). 

* Experimental and analytical investigations on the fuel rod thermal characteristics under transient 
conditions and power oscillations show that power oscillations at a frequency of 0.4-0.5 Hz in 
BWR fuel will produce fuel temperature and heat rate swings which are considerably damped and 
delayed, typically by a factor >10 and 85-90° out of phase relative to the imposed heat generation 
oscillations. 

* PWR rods subjected to considerable power cycling in the burnup range 25-55 MWd/kgU02 did 
not exhibit enhanced FGR relative to steady-state rods. The FGR was more dependent on power 
rating than on the extent of power cycling. 

* Refabricated zirconium liner BWR fuel rods at 25 and 45 MWd/kgU were subjected to a series of 
irradiation tests simulating power cycling operation including AFC operation, with on-line 
monitoring of rod internal pressure and rod outer diameter changes. The fuel rods in the AFC 
experiments were cycled between 85 and 100% power at a rate of one cycle per minute for a total 
of-39000 cycles. None of the rods failed. There was no significant difference in release between 
the power cycled and the non-cycled rods. Power changes of 4-5 kW/m resulted in repeated elastic 
changes of rod diameter of 6-8 [im, corresponding to a stress change of 50-60 MPa which was too 
small to degrade the fatigue life of the cladding. 

* A load follow test was performed using a small gap BWR type rod at around 30 MWd/kgU02. 
Strong PCI effects were seen. Hoop strain rates of 0.10-0.12% per 10 kW/m were repeatedly 
recorded at high ratings corresponding to a stress change (range) of 80 MPa. 

* Results from simulated burn-out experiments using BWR type rods were reported. By decreasing 
the coolant flow, a total of 81 short dry-out events were induced corresponding to roughly 20 
minutes at dry-out conditions. The rods involved operated satisfactorily without any indications of 
activity release. The fuel rods were intact but the cladding had heavy crud deposits and areas with 
up to a factor of two higher D pick-up than normal. However, there is the need to understand fuel 
behaviour under large amplitude oscillations, where the clad may undergo periodic heatup and 
quench. 

* Recent laboratory studies on the post dry-out Zircaloy cladding properties of fresh materials was 
described. Zircaloy cladding can undergo successive dry-out sequences at temperatures below the 
(a+P) phase transformation temperature at about 800°C without severely affecting cladding 
mechanical properties and thus rod integrity. 
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* Cladding tubes irradiated to fluences of 2.7*102^ n/m2 (E>1 MeV) with thermocouples attached 
were heat treated at 500-700°C for 5-600 seconds to simulate short tenu dry-out Tensile tests, 
hardness measurements, fatigue tests and x-ray analysis were made on the specimens to compare 
their mechanical properties with those of unirradiated cladding tubes. Recovery rates for the 
cladding heat treated at 600°C for 15 seconds were found to be 80% for both ultimate tensile 
strength and hardness. The fatigue life of the same specimen recovered to that of the unirradiated 
one. Measurements of mechanical properties revealed that the annealing rate of irradiated BWR 
fuel cladding was larger than previously reported. 

* Teste on the transient behaviour of PWR fuel rods, pre-irradiated to 20 and 39 MWd/kgU, under 
RIA conditions were summarised. Fuel failure occurred beyond the energy deposition of 200 
cal/gU02 due to severe PCMI and departure from nucleate boiling. However, recent experience 
form CABRI and NSRR programs showed that high buraup may cause rod faileures at energy as 
low as 30 cal/g under RIA conditions, 

* Short test segments re-fabricated from commercial fuel rods at a burnup of 26 MWd/kgU were 
pulse irradiated under simulated BWR cold start-up RIA conditions. Thermal energy from 55 to 
98 cal/g was deposited within 10 ms. The test rods showed enhanced PCMI and FGR, a 
characteristic behaviour of irradiated fuel at these accident conditions. All the rods survived the 
power transients with considerable margins (in this connection, see also the above item). 

The instability oscillations in a BWR core appear in regions with relatively high power and 
low flow in the operating domain. Under ordinary cooling conditions, there are large margins against 
cladding fatigue failure, partly due to the thermal damping by the fuel time constant. There is a good 
margin to dry-out as long as excessive amplitudes of oscillation and subsequent reverse flow is 
avoided. Shorter periods (seconds) of dry-out will have very little consequence on cladding integrity. 
The most likely cause for fuel failure appears when the oscillation amplitude is so high that the 
cladding does not rewet each oscillation cycle and sustained dry-out occurs. 
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7. LICENSING ASPECTS 

During early years of BWR technology, jhere was considerable concern about coupled 
thermalhydraulic stability. Due to this concern extensive theoretical and empirical studies were 
carried out in order to design a stable fuel and core configuration. As a result of these studies the 
problem seemed to be solved and no oscillation occurrence was experienced in BWR plants for 
several years. Since that, a number of fuel design modifications have been carried out and also power 
densities of BWR cores have gradually been increased. First indication of new stability problems 
came out at early 80's and during that decade and also at the beginning of 90's: all types of BWR 
plants have experienced oscillation events. Especially after the LaSalle 2 event in 1988 stability 
problems have become an important safety issue ail over the world. 

AU BWRs have been analysed regarding stability in the safety analysis report. All countries 
with BWRs have regulatory rules concerning stability. All countries required reviews of stability after 
the incidents at TVO 1, (1987) and LaSalle 2, (1988). Authorities in some countries have required 
changes in procedures and plant safety systems and other countries have made recommendations. 
Authorities have also emphasized the importance of training of operators in handling instability. The 
occurrence of power oscillations/instability does not challenge the reactor pressure boundary but 
challenges the cooling of the reactor core only during extreme conditions. The concern is that power 
oscillations should not occur in the normal operating region and, if they occur, they should be 
detected and suppressed, in order to prevent violation of core safety limits. 

As all areas in nuclear safety technology, in the BWR stability area there has been and there is 
a continuous feedback from operating experience, including stability events, to designers, to licensing 
authorities and viceversa (e.g. ref. [7.1]). This is testified by dozens of official documents including 
stability event reports, rise of licensing questions and requirements and answer and propositions 
coming from industry (specifically utilities and vendors). 

An overview of the current situation is summarized in this chapter that is divided into three 
main parts: 

a) background: reference is made to selected topics and resolutions of US licensing body and 
industry as a consequence of the LaSalle 2 event (sect. 7.1); 

b) regulatory issues and requirements: the current practice and recommendations of licensing 
authorities of the countries operating BWR plants, are summarized also pointing out the safety 
concerns (sect. 7.2). The identification and the characterization of the problems from the 
regulatory point of view, are essentially discussed; 

c) regulatory side: these deal with the proposed solutions to the stability issue, (sect. 7.3). 

It might be noted that the above item a), b) and c) consistently follow the top-down approach 
common to the entire SOAR: an example of the mentioned feedback (operational experience) -
(licensing) - (utility) - (utility/vendor) is given in sect 7.1, including a possible proposed solution to 
the problem, that is followed by a more broad analysis in sects. 7.2 and 7.3. 

7.1 Background 

The purpose of this section is to provide an idea of the interaction between the licensing 
authority and the nuclear industry (utilities and vendors) in the area of stability. To this aim, as 
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example, relevant USNRC recommendations are summarized in the following sections together with 
the industry response. 

7.1-1 US NRC evaluation and recommendations 

On June 15, 1988, i.e. after the LaSalle 2 event, NRC issued the bulletin identified at ref. 
[72], from which the following evaluations and recommendations are taken. 

After investigation of the LaSalle 2 event by the licensee and further review by the NRC, the 
staff concluded that this event has significant generic safety implications because: 

(1) past licensing calculations are not a reliable indicator that a core will be stable under all 
operating conditions during a fuel cycle; 

(2) instrumentation for detection and suppression of neutron flux oscillations and recording 
instrumentation for evaluation of limit cycle flux oscillations may not be adequate; 

(3) operating procedures and training may be not adequate to respond to this kind of transient; 
(4) the magnitude and power peaking of the resulting neutron flux oscillations may be greater than 

previously experienced for in-phase limit cycle oscillations during special stability tests and 
foreign operating reactor events; 

(5) there is a question of compliance with General Design Criterion 12, "Suppression of Reactor 
Power Oscillations", 10 CFR Part 50, Appendix A. 

The requested actions for operating reactors were as follows: 

1) Within 15 days of receipt of this bulletin, all BWR licensees should ensure that any licensed 
reactor operator or Shift Technical Advisor performing shift duties has been thoroughly briefed 
regarding the March 9,1988 LaSalle Unit 2 event. 

2) Within 60 days of receipt of this bulletin all BWR licensees should verify the adequacy of their 
procedures and operator training programs to ensure that all licensed operators and Shift 
Technical Advisors are cognizant of: 

a) those plant conditions which may result in the initiation of uncontrolled power oscillations 
b) actions which can be taken to avoid plant conditions which may result in the initiation of 

uncontrolled power oscillations 
c) how to recognize the onset of uncontroll ed power oscillations, and 
d) actions which can be taken in response to uncontrolled power oscillations, including the need to 

scram the reactor if oscillations are not promptly terminated. 

Addressees should also verify the adequacy of the instrumentation which is relied upon by 
operators within their procedures. 

As a follow-up of vendor proposed "interim corrective actions", NRC issued a Supplement to 
the Bulletin at the end of 1988. 

The purpose of this Supplement was to request that licensees implemented interim corrective 
actions developed by General Electric for the BWR Owners' Group. These interim actions were 
developed as a result of Bulletin 88-07. For BWR units without acceptable protection against 
regional mode oscillation, the Supplement requested that the licensees manually trip the reactor 
following a two recirculation pump trip. 
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The "interim corrective actions" establish three regions on the power to flow map that restrict 
plant operation. Regions A and B (see Figure 7-1) require immediate actions to exit the regions, 
excluding restarting a recirculation pump. Plants without adequate protection against regional mode 
instability must immediately trip the reactor upon entry into Region A. Operation in Region C is only 
allowed during reactor start-up. Should conditions indicative of an instability be observed while the 
reactor is operating in any of the three regions, the reactor must be manually tripped. 
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Fig, 7-1 - Defined operating regions - NRC Bulletin 88-07, Réf. 17.2J. 

Notwithstanding the "interim corrective actions" and the utilities answers (refs. [7.3] and 
[7.4]), an unplanned stability event occurred in the Washington Nuclear Plant Unit 2 (WNP-2, see 
also sect. 6.2.1.9). 

The NRC analysis in this case concluded that the primary cause of the oscillation was the very 
skewed radial and bottom peaked power. It was also found that control rod removal patterns leading 
to such situations were not unusual for some other BWR. 

A generic letter was issued by NRC in 1994, mostly as a consequence of the WNP-2 event, 
ref. [7.5], The requested actions have been summarized as follows: 
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1) All licensees of BWRs, are requested to review their current procedures and training programs, 
considering the experience gained from the WNP-2 event. In doing this, each licensees of a BWR 
should: 

a. Ensure that procedural requirements exist for initiation of a manual scram under all operating 
conditions when all recirculation pumps trip (or there are no pumps operating) with the reactor 
in the RUN mode, and ensure that operators are aware of the potential for very large power 
oscillations and the potential for exceeding core thermal safety limits before automatic 
protection systems function following the trip of all recirculation pumps (the procedural manual 
scram is not necessary after long-term solutions are approved and implemented for individual 
plants); and 

b. Ensure that factors important to core stability characteristics (e.g., radial and axial peaking, 
feedwater temperature, and thermal hydraulic compatibility of mixed fuel types) are controlled 
within appropriate limits consistent with the core design, power/flow exclusion boundaries, and 
core monitoring capabilities of the reactor in question, and that these factors are controlled 
through procedures governing changes in reactor power, including start-up and shutdown, 
particularly at low-flow operating conditions. Each licensee should review its procedures and if 
the procedures can be carried out using existing instrument information. If it is concluded that a 
near-term upgrade of core monitoring capability is called for to ease the burden on operators, 
de;termine the need to incorporate on-line stability monitoring or monitors for stability sensitive 
parameters. 

2) All licensees of BWRs, are requested to develop and submit to the NRC a plan for long-term 
stability corrective actions, including design specifications for any hardware modifications or 
additions to facilitate manual or automatic protective response needed to ensure that the plant is 
in compliance with General Design Criteria 10 and 12. 

7.1.2 Response from the industry 

Following the early vendor proposed "interim corrective actions" (1988), the industry answer 
was given in documents at refs. [7.3] and [7.4]. Significant topics of such documents have been 
recently summarized in the paper at ref. [7.6]; selected parts of this are reported below, dealing with 
the proposed long term solution. 

A. Enhanced Option I-A 
Enhanced Option I-A is a solution designed to prevent operation in the region of the power-

flow map most susceptible to oscillations. It is a preventive approach using calculations to establish a 
region (the "exclusion region") on the power-to-flow map in which instabilities are credible. Two 
layers of defense in depth are provided to avoid entry into the exclusion region. This is accomplished 
by initiating an automatic reactor power suppression (i.e. including either scram or SRI) upon entry 
into the Exclusion Region, and an automatic control rod withdrawal block upon entry into the 
Restricted Region (Fig. 7-2). These actions are implemented by a new digital Flow Control Trip 
Reference Card which provides the appropriate core flow-biased neutron flux scram and rod block 
trip reference set points for these functions. 

Power distribution controls are employed to avoid oscillations during manoeuvring in the 
restricted region (with these control in place, the rod block may be by-passed). Stability monitoring is 
an additional defense-in-depth feature which provides manual protection from unexpected 
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instabilities which might occur while manoeuvring in the restricted and monitoring regions (Fig. 7-2). 

B. Option I-D 
Option I-D is applied to small, tightly orificed BWR units. This restriction is to ensure that 

the out-of-phase mode is unlikely. This solution relies on a flow biased APRM scram to trip the 
reactor before the SLMCPR is violated. This is evaluated using a Monte-Carlo technique to 
demonstrate that the plant can, at 95/95 level, be shut down before SLMCPR violation. Additionally, 
an on-line stability monitor provides the operators with real time calculation of the reactor Decay 
Ratio. In the US, there are currently (1996) four plants using this option. 

C. Option II 
Option II relies on existing regional based APRM scram signals to protect the plant against 

instabilities. No new hardware is needed for this solution and, therefore, it only applies to the BWR/" 
series which have the correct hardware in place. Protection of the SLMCPR is demonstrated using a 
Monte Carlo technique similar to that used with option I-D. There are two units eligible for this 
solution in the US. 

D. Option III 
Option III is a "detect and suppress" solution which will automatically initiate an automatic 

reactor power suppression (see also Option I-A) if oscillations are detected that grow to a 
predetermined amplitude. It relies upon an extensive new hardware package to reliably detect 
instabilities and suppress them by automatic control rod movement up to and including reactor scram. 
No power-to-flow map regions are used and operation is unrestricted by stability. Currently (see also 
above) there are 21 units in the US scheduled to use option III. 

The system is sensitive to both regional and core-wide oscillations, because monitoring is 
performed using local power range monitor (LPRM) neutron flux detectors that are grouped into 
multiple cells that, individually, monitor localized neutron flux. Taken together, the cells for each trip 
channel radially cover the entire reactor. 

Specific analytic methodologies are needed to implement each of the options. In particular, 
qualified (conservative) codes are needed to fix the boundaries for the option I-A (see Chapt. 4) and 
monitoring algorithms are needed to comply with the option III (see Chapt. 5). 

Like Option I-A ("prevention" solution), either Option III ("detect and suppress" solution) 
may be used on any unit. Compared with Option I-A, the Option III advantages include fewer 
restrictions on operations and no immediate scram in the event of a 2-pump trip or other event 
resulting in exclusion region entry. The disadvantages include greater hardware procurement costs, 
and the potential for a scram associated with the new trip function. 

In relation to the ATWS, it was found that under certain conditions, such as those leading to 
very high core inlet subcooling, oscillations could become quite large. Given the low probability of an 
ATWS, and that insertion of only a few control rods could preclude such large oscillations, it was 
concluded that the probability of such an event was exceedingly low. Nevertheless, the impact of such 
oscillations on the reactor was evaluated. The conclusions of this evaluation were that large 
oscillations created no challenge to the primary system or containment integrity (this might be not 
fully consistent with the analysis carried out in ref. [4-100], although in the conclusions of the same 
report it is stated that "the probability - in case of ATWS - of the PSP temperature to exceed the 
specified limit of 175 °F is estimated to be < SxlQ-4"). Further, the possibility of some fuel failure 
cannot be entirely precluded for certain ATWS scenarios, but the impact of the small number of pins 
predicted to fail is bounded by previous (1979) ATWS analyses associated with the ATWS rule, and 
any fuel damage would not impede core cooling or prevent safe shutdown. 
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7.2 Regulatory Issues and Requirements 

7.2.1. Design criteria 

The criterion commonly used in licensing for stability is the following: 

The reactor core and associated coolant, control and protection systems shall be designed to assure 
that power oscillations, which can result in conditions exceeding specified acceptable fuel design 
limits, are not possible or can be reliably and readily detected and suppressed (ref. [7.7], GDC 12). 

A more general criterion is the following: 

The reactor core and associated coolant, control and protection systems shall be designed with 
appropriate margin to assure that specified acceptable fuel design limits are not exceeded during any 
condition of normal operation, including the effects of anticipated operational occurrences (ref. [7.7], 
GDC 10), 

Another criterion that also concerns detecting and suppressing power oscillations is the 
following: 

Instrumentation shall be provided to monitor variables and systems over their anticipated ranges for 
normal operation, for anticipated operational occurrences and for accident condition as appropriate to 
assure adequate safety, including those variables and systems that can effect the fission process, the 
integrity of the reactor core, the reactor coolant pressure boundary and the containment and its 
associated systems. Appropriate controls shall be provided to maintain these variables and systems 
within prescribed operating ranges (ref. [7.7], GDC 13). 

7.2.2 Safety limits 

The fuel rod failure criterion commonly used for instability transients is fuel cladding 
overheating because of insufficient cooling of the fuel cladding, dryout The critical power ratio 
(CPR) is used to measure the margin to dryout. Usually fuel rods are assumed to fail when the CPR 
of a fuel bundle is below the CPR safety limit. This limit is fuel type specific and typically around 
1.07. 

Decay ratio is used to characterize reactor stability. When stability is calculated with a 
thermalhydraulic code an uncertainty of 20% is usually assumed and a calculated value below 0,80 
fulfils the requirement to have a stable reactor core. However the code uncertainty varies for different 
codes. Some countries have set limits for predicted decay ratio. Commonly used decay ratio in those 
countries is 0.8. 

In the case of power oscillations associated with ATWS scenarios the safety goal is to damp 
oscillations by operator action. Therefore the existing Emergency Procedure Guidelines must remain 
appropriate to suppress power oscillations and to maintain the suppression pool temperature within 
the condensation temperature limit (about 80° C), ref. [7.8]. 

7.2.3 Regulatory requirements and recommendations 

Regulatory requirements concerning the stable behaviour of BWR plants are almost similar in 
the OECD countries with only small difference in details. 

Basic requirement is that the reactor core and associated coolant, control and protection 
system shall be designed to assure that power oscillations, which can exceed the specified acceptable 
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fuel design limits are not possible or can be reliably and readily detected and suppressed. Also during 
normal operational conditions including the effects of anticipated transients the reactor core shall be 
designed with appropriate margins to assure that acceptable fuel design limits will not be exceeded. 

Common practise in all countries is to avoid operating regions where power oscillations could 
occur. Because of the difference in the design of BWRs there is a variety of requirements and 
recommendations that have been issued by licensing authorities. Current regulatory requirements and 
recommendations include the following items: 

• training of operators to handle instability 
• procedures to handle instability 
• changes in protection system 
• predict! on of stability for new core 1 oading 
• measurements of stability at start-up after refuelling 
• stability monitors 

The following overview provides examples of requirements and recommendations that have 
been issued in different countries. 

]b Switzerland (ref. [7.12]) operator training in handling power oscillations is required. Other 
countries, like Sweden ref. [7.9], have recommended that an overview of the operator training is to be 
made. 

In USA (see also ref. [7.9]) procedural requirements must exist for initiating of manual scram 
under all operating conditions when all recirculation pumps trip or there are no pumps in operation. 

]h Finland (refs. [7.10] and [7.11] improvements in the reactor protection system to detect 
oscillations» both global and regional, have been required. Automatic means of power limitation is 
required in Germany (ref. [7,14]) to avoid instability. 

Restrictions in the operating region have been implemented in Switzerland. A manually 
selected rod insertion on LPRM upscale alarm is considered necessary and for. special transients (e.g. 
two recirculation pump trip) an automatically selected rod insertion is required. All BWRs in Japan 
(ref. [7.13]) have implemented automatically selected rod insertion system and the operating region is 
defined to keep stable conditions. 

In Finland the licensee is requested to define the limited stability values for power peaking 
factors and for control rod patterns. The core supervision system will give an alarm if these limits are 
exceeded In Japan stability is checked by means of code calculations before each new fuel cycle. In 
Germany precalculations or measurements are carried out after refuelling. That also includes regions 
outside the operating region where the reactor could end up after a transient. 

In Sweden measurements on core stability must be performed when new fuel types are 
introduced. In Switzerland stability tests are performed on a case by case basis. 

In The Netherlands (ref. [7.15]) tests have been carried out to determine the stability of the 
Dodewaard reactor. The Dodewaard reactor is also equipped with an on-line monitor. 

In Switzerland stability monitors are used because increased surveillance is requested near the 
exclusion region. 

hi Spain, on an interim basis, ref. [7.16], (until long term solutions are implemented), current 
technical specifications of the Spanish BWR plants consider the stability domain on the core flow-
power map subdivided into three regions (see also Fig. 7-2): 

a) Region I (Exclusion): with core flow below 40 % and thermal power over the 100 % load line, 
an immediate manual scram is required. 

b) Region II (Restricted): no deliberate entry in the core flow-power map operating domain with 
core flow below 45 % and thermal power over the 80 % load line (excluded the region I) is 
allowed. In case of forced entry in this region: 
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1. a manual scram is required in case the APRM and/or LPRM signals indicate a 
sustained increase of peak-to-peak signal noise level, reaching two or more times the 
initial level at reduced core flow conditions, or if the upscale and/or downscale alarms 
of the APRM and/or LPRM annunciators are activated with a characteristic period of 
less than 3 seconds; 

2. if the APRM and/or LPRM signals indicate peak-to-peak signal noise level 
oscillations reaching less than two times the initial level, insert selected control rods or 
increase core flow (the start-up of a recirculation pump is not allowed) to immediately 
exit this region. 

c) Region III (Controlled): entry in the core flow-power map operating domain with core flow 
lower below 40 % and thermal power over the 70 % load line (excluded the regions I and II) is 
allowed provided that the "core boiling boundary fraction" (see sect. 2.3.1) is lower than 1, In 
addition: 

1. a manual scram is required in case the APRM and/or LPRM signals indicate a 
sustained increase of peak-to-peak signal noise level, reaching two or more times the 
initial level at reduced core flow conditions, or if the upscale and/or downscale alarms 
of the APRM and/or LPRM annunciators are activated with a characteristic period of 
less than 3 seconds; 

2. if the APRM and/or LPRM signals indicate peak-to-peak signal noise level 
oscillations reaching less than two times the initial level, or if any unanticipated 
transient occurs, or if the "core boiling boundary fraction" is greater or equal to 1, 
insert selected control rods or increase core flow (the start-up of a recirculation pump 
is not allowed) to immediately exit this region. 

Finally: 
• training of operators to handle instability is required, focusing on the recognizing of thermal 

hydraulic oscillations and on the operator action required when entering the stability regions; 
• operating procedures with actions and instruction for the instability detection and operator 

response should be implemented and incorporated into the current operating procedures. 

7-2.4 Safety concerns 

The safety concern that has been raised by regulatory bodies is the adequacy of reactor 
protection systems to suppress automatically all types of power oscillations. Of particular concern are 
regional oscillations, which can lead to high local neutron flux peaks. These peaks are not reflected by 
the core-average APRM signals, which are used by the protection system. This could lead to the 
violation of fuel thermal limits. Regulatory bodies have also raised concerns about the training of 
operators to handle power oscillations and the adequacy of procedures dealing with power 
oscillations. A concern has been raised concerning the capabilities of codes to predict instabilities. 
Another concern in some countries is how to deal with power oscillations associated with ATWS 
scenarios. 

TVO 1 and LaSalle 2 power oscillations events raised questions of compliance with above 
mentioned (7.2.3) basic stability related safety requirements. After intensive examinations of these 
and some other power oscillation events the regulatory authorities concluded that these events have 
significant general implications due to the following facts: 

• operator training and operating procedures may not be adequate to respond to the oscillations 
events, 

7/12 
SOAR ON BWRS - CHAPT. 7 

306 



• the methods used in past licensing calculations are not reliable enough to prove that a reactor core 
will be stable under all operations conditions, 

• monitoring system may not be adequate to detect and suppress the power oscillations, 
• the amplitude of the power oscillations is higher than previously expected, 
• the power oscillations may be out-of-phase (asymmetric) and lead to high local neutron flux 

levels without detection and automatic scram, 
• in some cases, especially as a consequence of out-of-phase oscillations with large amplitudes, fuel 

rods could experience dryout, which can lead to fuel failures. 

7.3 Regulatory Views on Stability 

Regulatory authorities in every OECD country with BWRs has requested the licensees to 
review the status of their plants in order to solve the above mentioned safety issues. Based on 
analytical studies the licensees have chosen or may choose different short term and long term 
solutions to be implemented at their plants. 

Short term improvements have focused on enhancement of operator training and plant specific 
procedures in every country. 

Enhancement of operator training has focused on improvements in training programs in order 
to ensure that operators are aware of the potential for very large power oscillations and the potential 
for exceeding core thermal safety limits before automatic protection systems functions. 

The exclusion region has been introduced at the high power/low corner of the operational 
domain for almost every BWR plant in order to avoid potentially unstable region. If unintentional 
entrance to this region occurs, the new procedures give guidance for operators how to terminate 
oscillations by inserting control rods into the core or by increasing the speed of the recirculation 
pumps, 

In some countries the use of stability monitors especially close to that exclusion region have 
been considered to be an important preventive measure against oscillation events. These devices can 
give an early warning for the operators to make corrective measures in due time. 

Special test programs have been carried out almost at all BWRs in order to define stability 
boundaries. 

On the long term, modifications of the reactor protection system are under consideration in 
many countries. These modifications are to ensure that a reactor instrumentation and protection 
system can reliably protect the core against all kinds of oscillations both in-phase and out-phase so 
that the plant is in compliance with general design criteria (see also sect. 5.5). 

Definetely, the review of the stability issue by the licensing authorities, led to an independent 
evaluation of the design basis and of the protection measures to guarantee the fuel failures limits 
during instability events. 
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8. CONCLUSIONS 

The general purpose of the performed activity has been the characterization of the State of 
The Art in the B WR core stability area. It might be emphasized that the plant stability issue including 
the operation of control systems (e.g., pressure control systems) has not been addressed here. 
Notwithstanding this, the wide spectrum of investigations, specifically for the number of subjects, 
carried out in the present framework, brought to a variety of conclusions that have been structured 
into five main parts. 

a) General conclusions: the objectives of the Introduction (Chapt. 1) are dealt with, and attention 
is focused to the safety relevance of the stability issue, (sect. 8.1). 

b) Phenomenology: the top-down approach imposed different phenomenological analyses under 
Chapts. 2, 3 and 4, dealing with experiences from plant observations, from out of pile 
experiments and from the application of models, respectively. A synthesis and a 
homogeneization of these is achieved under sect. 8.2. 

c) BWR plant events and monitoring: recorded instability experience, either planned tests or 
unplanned events, and the quality of the monitoring, play the key role for supporting the 
conclusions reached. A summary of the activity is provided under sect. 8.3 where 
developmental areas for monitoring are identified, too. 

d) Specific conclusions and remarks: the various subjects allowed various final considerations; 
these are included under sect. 8.4. 

e) Recommendations: these are part of the sect. 8.5. 

8.1 General Conclusions 

Instabilities that may occur during the BWR operation have been investigated since the plant 
design proposals were made originally: they constitute a widely known problem in the scientific 
community addressed for more than thirty years. A great deal of literature is available including data 
and models; this is quantifiable in a number of papers as large as one thousand, a significant 
percentage of which has been directly considered in the present report. 

The analysis of the phenomena involved requires a mulndisciplinary approach comprising 
various areas like transient therrnalhydraulics, neutronics, fuel behaviour including in-core fuel 
management, instrumentation, plant control and monitoring, and detailed knowledge of plant features. 

Both of the above considerations testify of the complexity of the subject and give a reason 
why R&D activities are still in progress. A deep progress has been observed especially as a follow up 
of the LaSalie event (1988) and with main reference to the areas of system control and monitoring 
(see also sect. 8.3). Nevertheless, the condition has to be fulfilled that fuel assemblies and also the 
core loading should be designed to increase core stability. 

In the nuclear technology safety concerns may be of outmost importance, as also specifically 
addressed in Chapt. 1. In this connection, the performed review brought to the conclusions that 
instabilities in BWR plants do not constitute a safety issue, provided that 
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a) proper monitoring and protection system is available; 
b) scram system reliability is acceptable; 
c) the basic plant design is suitable (basically, the design of Russian typé boiling water reactors, 

RBMK, may be unsuitable to the stability problem); this also includes proper fuel design and 
management. 

In relation to the item a), it is noted that adequate monitoring capabilities (Chapt. 5), are 
currently available addressing either the prevention, or the mitigation of unstable events; this is also 
true in relation to local instabilities (see also below). However, technically different solutions have 
been chosen by different plante. 

Unstable events may occur following ATWS or may cause ATWS, (item b)). For both 
situations, the reliability of the scram system must be of safety concern. The availability of scram is 
sufficient to ensure core mechanical integrity following any unstable event; in the case of ATWS, no 
specific action should be taken or implemented in the Emergency Procedures coming from the 
analysis of instabilities which is in contrast with the 'standard' procedures in such a situation. 

System codes are considered suitable in reproducing measured plant scenarios dealing with 
stability: however, predictive capabilities are not yet fully assessed. The problem of judging these 
capabilities includes various aspects as emphasized in Chapt. 4: some of these are included under 
items 9-13 in sect. 8,4. 

8.2 Phenomenology 

The phenomenology of instabilities has been mainly discussed in Chapts. 2, 3, and 4. As a 
main conclusion from that discussion, it can be stated that all the instability events occurring in BWR 
plants can be satisfactorily explained on the basis of the present knowledge of the mechanisms that 
originate and characterize the coupled neutronic-thermalhydraulic density wave oscillations. 

As a specific complex example, rotating out of phase (neutronic) instability is a situation 
characterized from the analysis of reactor data (sect. 2.2.1.3). Furthermore alternative descriptions 
have been proposed for the density wave itself (e.g. sect 2.3.2.2) and a number of additional 
mechanisms have been identified from experimental facilities, (Chapt. 3) and from the use of more or 
less sophisticated models, (Chapt. 4). 

Pressure drop instability and bifurcations due to chaotic system behaviour, are examples of 
situations that have been characterized with the help of out of pile data or specific models, 
respectively; the situations found by simplified models cannot be extrapolated to BWR plants. One 
reason for this derives from considering that a NPP is a system much more complex than what 
modelled in any code used for predicting chaos (e.g. thermal and hydraulic inertia); in addition, chaos 
is a term that includes a variety of situations, specifically diverging or converging bifurcations, that 
may or may not bring the system to conditions much different from the initial ones. Strong excursive 
instabilities bringing instantaneously the reactor very far from an initial state, that are part of chaos 
are not expected for BWR plants. 

Should an instability event occur, its triggering and propagation may be affected by different 
mechanisms that superimpose to the basic density wave instability and interact among each other. 

From a geometrical point of view, the modes of stability phenomena in a BWR core can be 
classified as follows (see also sect 2.3.1): 

1. global or wide core oscillations: at a given radial plane (i.e., in a plane orthogonal to the reactor 
axis) and an axial level, the phases of neutron fluxes are the same at various points; 

2. regional or out of phase oscillations: at a given radial plane and axial level, the phases of 
neutron fluxes are not the same at various points; rotating instabilities are a special case in this 
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class; 
3. local or single channel oscillations: only one channel, or a limited number of channels 

experience density wave propagation throughout the entire channel(s). 

Furthermore, the possibility of the "punctual" oscillations has been preliminarly observed or 
can be deduced from facilities or plant measurements, respectively (sects. 3.3.2.1 and 5.4.4). In this 
case, only a limited zone of a channel is involved, possibly close to the maximum of the linear power 
distribution; oscillations are smoothed upstream and downstream the concerned area; i.e. they do not 
propagate axially. 

Typically, a combination of all the above identified modes may give rise to a harmonic mode; 
again each of the above may be intended as a combination of different harmonics. This is especially 
true considering the non linear nature of the involved system and the wide number of parameters 
affecting the concerned phenomena. 

8.3 Plant Experience and Monitoring 

Around thirty planned or unplanned instability events have been recorded so far in the 
operating BWR plants, including the LaSalle one (Chapt. 6). All of these occurred in the region of 
low flow (around 30% core flowrate) and high power (around 50 %). In a number of situations scram 
occurred, only in one case was the high neutron flux scram set point (118% nominal power) reached 
based on the APRM signal: the LaSalle 2 event. In all cases the oscillation frequency was around 0.5 
Hz and the oscillation types can be classified under items 1. and 2. of the previous section; one single 
channel event and no punctual oscillations events have been reported. 

Whenever scram did not occur and limit cycles were observed, the Doppler and the void 
reactivity coefficient limited the average power increase and the amplitude of the oscillations. 

During all the recorded events the fuel integrity was not threatened, both considering the 
maximum pellet temperature and the cladding temperature; the related safety margins remained 
almost the same as, or very close to, those characterizing the normal plant operation (this statement is 
supported by the analysis of the core status after the instability event, see also Chapt. 6.). 

Preventive and mitigative approaches have been used so far to deal with potential instability 
situations. Either systematic plant tests aiming at the identification of stability boundaries, or 
specifically developed monitoring techniques, or both of these, constituted the way to prevent 
undesired challenges to the scram system, in the area of monitoring, wide progresses have been 
observed as a consequence of the availability of powerful computers and of sophisticated techniques 
for noise analysis. 

An adequate number of LPRM transducers is available in each BWR plant. However, each 
individual output signal is not directly considered for monitoring purposes in the largest majority of 
cases; indeed, combinations of signals coming from neutron detectors placed in different radial and 
axial positions, are used for taking countermeasures in the area of stability. In other terms,, single 
transducers showing anomalous (i.e., oscillatory) behaviour, may not imply an intervention of the 
reactor control system. 

8.4 Specific Conclusions and Remarks 

A number of technological fields, having some impact on the stability behaviour of BWR 
plants, have been considered or touched in the frame of the present effort. Specific conclusions and 
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remarks are given below, considering topics and quantities having impact on the stability. 

1. The general BWR plant configuration and the layout are very similar in the various reactor 
designs; the vessel configuration remained almost unchanged in the various cases, during the 
years, with the exception of the recirculation loops. The solution with internal recirculation 
pumps is currently adopted by all the vendors at the moment. 

2. General thermalhydraulic operating conditions, e.g. vessel pressure, core inlet subcooling, 
feedwater temperature, are almost the same in the various designs; however, specific 
thermalhydraulic conditions like pressure drops across separators, in the downcomer and at core 
inlet, linear power and power density, may differ somewhat between individual plants. 

3. Certain differences can be envisaged among the different BWR plants owing to core design and 
fuel type: this also causes differences in parameters like Doppler and void reactivity coefficients, 
fuel response time, core pressure drops, fuel management, that all affect stability. 

4. Axial and radial power distributions have strong influence on stability, considering the typical 
parameter variation ranges; specifically, high power peak factors in the lower zone of the core 
may favour unstable situations; radial non-uniformity make the occurrence of regional 
instabilities more probable. A single unstable channel could have the potential to drive the whole 
core toward the instability. Parameters affecting the stability are classified under sect. 2.3.4. 

5. Considerations at items 2. to 4., impose the need of addressing the stability in each BWR plant at 
all times during the cycle. 

6. Experiments from out of pile facilities are necessary to qualify thermalhydraulic codes. The freely 
available data base does not cover all the ranges of parameters of. interest, as was also 
emphasized in recent CSNI documents (Chapt. 3., OECD/CSNI Integral and Separate Effect test 
Matrices). In particular, scaling effects are not addressed and qualified integral experiments, 
including detailed boundary conditions, are not available. Specifically, the stability behaviour of a 
system after dryout occurrence can be experimentally investigated; in addition, correlations can 
be tested and data gathered in cases of dryout rewet cycles (see also sect. 3.5). 

7. The execution of experiments in loops of different complexity allowed the identification and 
characterization of different types of instabilities which are in some cases applicable to reactor 
situations, (Chapt. 3). The same is also valid in relation to the use of codes and models: in 
particular, chaotic behaviours were characterized in such a way (Chapt. 4). 

8. Compared with the area of accident analyses in LWR technology (e.g. LOCAs), the BWR 
stability area benefits of the availability of plant data. Most of the data are proprietary and are 
directly used by utilities and vendors to qualify their own codes. The number, the type and the 
quality of freely available recorded signals, is in many cases not sufficient for a complete 
characterization of the scenario and for code qualification purposes, m addition, big resources are 
needed to characterize the fuel related neutronic data. 

9. A wide variety of codes and models have been developed and are used to predict unstable 
situations in boiling channels. A couple of dozen, including time and frequency domain, satisfy 
the defined "minimum requirements" of applicability to BWR plants: almost all of these have 
been considered in the present report. The complexity and the qualification level is largely 
different among the concerned codes, 
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10. Codes calculations, including user effect, nodalization and modelling assumptions produce results 
used so far to explain any phenomenon measured either in the facilities or in the plant. However, 
there are still few examples of proven predictive capabilities in the open literature, 

11. Five main areas should be part of modelling capabilities in a general-purpose code: 
thermaihydraulics, neutronics, plant hardware, plant control and BoP and suitable numerics. As 
already mentioned, the sophistication level in each of the above is largely different among the 
available codes and no one includes the most advanced features of the different areas all together. 
Specifically, numerical damping may prevent any prediction of instability. Besides, codes should 
be efficient and robust enough that uncertainty estimation are affordable (see also sect. 4.4.2). 

12. A critical issue is represented by heat transfer and, specifically, by CHF correlations: these are 
part of codes and models utilized for predicting fuel rod performance following instability events. 
The problem outcomes from the origin of the correlations that in almost all the cases come from 
steady-state experiments. The application to oscillatory conditions is questionable. The 
assessment activity and the experience gained so far do not allow any conclusion about the 
validity of the current approach, should dry-out and rewet cycles occur as a consequence of 
instabilities. Modelling of post-CHF heat transfer in case of oscillations (e.g., in flowrate, 
pressure, etc.) constitutes an unresolved issue, as also emphasized in sect. 3.5.1. 

13. A very important activity has been recently completed, that is the OECD/NEA BWR Benchmark 
(details in Chapt. 6), A common basis to accertain code capabilities can be gained in this way. 

14. The number and the intrinsic characteristics of LPRM transducers appear adequate for detecting 
any of the identified instability types. Viceversa, only limited use is made in this area of signals 
from transducers for thermalhydraulic quantities (pressure drops, temperatures, etc.). 

15. Great progress has been made recently in the areas of monitoring and noise analysis, as already 
mentioned. However, discrepancies have been documented in Appendix B, as far as the 
evaluation of the Decay Ratio is concerned utilizing different methods. 

16. Plant testing, aiming at identifying the instability boundaries in the power flow map, has been 
found efficient for preventing undesired oscillations. However, large resources are needed in each 
plant for consistent test campaigns; furthermore, this does not guarantee the objective of 
identification of a forbidden region for operation, when fuel is changed or even during the entire 
cycle. 

17. Scram and coolant flowrate increase (when FW is available at nominal conditions), slight 
changes of control rod positions (including SRI) are typical countermeasures that can be taken, 
should an instability event originate. 

18. Fuel integrity is not endangered during the oscillations, at least considering the variation ranges 
of the significant parameters as detected so far from plant operation, essentially neutronic flux 
oscillation amplitude and frequency. Adequate automatic reactor protection is provided against 
global oscillations. However, in case of regional oscillations, high local power levels may be 
reached without the reactor protection system being activated. This is a shortcoming of the 
reactor protection system in present BWR plants, which is based on APRMs (see also the 
concerns expressed by regulatory authorities, sect. 7.2.4). 

19. Regulatory requirements concerning the stable behaviour of BWR plants are almost similar in the 
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OECD countries, with only small differences in detail. 

20. All regulatory bodies in the OECD have requested a review of the stability issue after the events 
in TVO 1 (1987) and LaSalle 2 (1988). Those reviews have led to improvements in operator 
training, operating procedures, emergency procedures, protection systems and monitoring 
capabilities. 

8.5 Recommendations 

Straightforward recommendations can be derived with reference to each of the items in the 
previous sections. A few of then are emphasized below. 

1. Activities like the recent OECD/NEA BWR Benchmark are strongly recommended for the future. 
Either out of pile or BWR plant stability data should be concerned. In this way a data base can be 
created including all the relevant information from selected stability events: an activity is needed 
before storing the data, aiming at the identification of the detailed fuel status and at the 
demonstration of consistency among the signals. These should concern the thermalhydraulics, the 
neulronics and the status of the plant. 

2. Activities in the different areas that are mentioned before which contribute to stability, should be 
even more deeply integrated. 

3. The use of large thermalhydraulic system codes (e.g. Athlet, Cathare, Relap and Trac) should be 
promoted in this area, provided 3-D neutronics modelling and suitable numerics and specific user 
guidelines are implemented; the advantage of such codes derives from the comprehensive 
assessment program and the wide diffusion. The existing validation matrices should be properly 
updated to cover stability related situations; clearly the question of applicability of closure laws 
and numerics, not necessarily can be solved through code validation alone. 

4. Advanced techniques for noise treatment should be more deeply qualified and diffused. 

5. Experimental data suitable for system code assessment should be gathered in the thermohydraulic 
area making use of facilities (SETF and ITF), specifically addressing problems like oscillations 
scenarios following dryout, system influences on the instability scenario (see also item 6. in sect. 
8.4 and sect 3.5.1). 
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A.l INTRODUCTORY REMARKS 

The complexity of a BWR system has been emphasized in from the main text of the present 
document where it was also stated that a complete plant description is not among the goals pursued 
in this activity. 

On the other hand, instability conditions may be originated owing to different causes and are 
affected by parameters of very different nature. So, it seemed worthwhile to include hereafter 
information, in one case limited to the essential bibliography, related to areas that might have 
interactions with the stability problem. These can be identified as follows: 
a) overall plant configurations; 
b) typical thermalhydraulics/neutronics operating parameters; 
c) transient scenarios and instrumentation. 

A.2 OVERALL PLANT CONFIGURATIONS 

The vessel of a BWR plant with its internals, constitutes the heart of the primary system. Its 
configuration remained basically unchanged since the first BWR design proposal from General 
Electric. The well known typical sketch is given in Fig. A-l, where the main zones of the system, as 
described in the sect 2.1, can be identified. The most important characterization, as far as the 
elements in the sketch are concerned, can be identified as the presence of jet pumps: configurations 
with external and internal pumps without jet pumps have also been constructed (see also below). 

The core configuration also remained basically unchanged since it was firstly proposed: a 
sketch is given in Fig. A-2. Fuel rods are bounded by zircaloy boxes also dividing the moderator 
and the cooling regions. Control rods can move inside the moderator/bypass region. 

The BWR primary system is, obviously, embedded into a containment system, whose layout 
and geometrical configuration has largely evolved during the years. Basically, the containment can 
be subdivided into a "dry" zone and a "wet" zone, Fig. A-3; the Pressure Suppression Pool (PSP) is 
part of the latter zone. Any important accident or transient event involving the primary system, ends 
up in the heating of the PSP that also prevents overpressurization of the containment. Heating of the 
PSP liquid may be an important consequence of an instability events, mostly if coupled with 
ATWS,refs. [A.l] and [A.2]. 

A.2.1 Alternative designs and evolutions in the design 

The evolution in the configuration of the primary loop results from Fig. A-4, ref. [A.3], 
specifically related to the General Electric product. A relatively complex system (dual cycle, 
Dresden 1)) has evolved to a system with steam generators fed by steam (e.g. KRB, BWR-1), to an 
external pump reactor (e.g. Oyster Creek), to a jet pump reactor (e.g. Dresden 2). The present 
product of the line is the ABWR (e.g. Kashiwazaki), jointly proposed by General Electric, Hitachi 
and Toshiba. 

A large variety of fuel design are currently available. Fuel box dimensions remained 
unchanged but number of rods and rods lattice changed from 7X7 to 8X8 (different configurations) 
up to 10X10. Examples of configurations are given in Fig. A-5. 

Various containment concepts are represented in Figures from A-6 to A-10. The evolution 
of the design, again related to the General Electric product, réf. [A.3], can be seen from Fig. A-l 1. 
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A.3 TYPICALTHERMALHYDRAULICS/NEUTRONÏCS OPERATING PARAMETERS 

In order to provide a more quantitative comparison about some of the parameters affecting 
instability, data have been collected in Tabs. A-l and A-2 including overall plant and core stability 
relevant parameters, respectively. Data refer to typical operating conditions of the BWR plants 
identified in sect. 2.1. 

Although a detailed data evaluation is impossible without the full availability of the data, the 
following can be noted: 
- absolute and relative geometric elevations are quite the same (items 4, 5 and 11 in Tab, A-l, and 

items 3 to 6 in Tab. A-2) for the different plants; 
- feedwater temperature is almost the same in all cases (item 9 in Tab. A-l); 
- feedwater and core flowrates are both nearly proportional to the core power (items 8 and 10 in 

Tab. A-l); 
- pressure drops across separators and core are lower in the latest design (item 13 in Tab. A-l and 

item 16 in Tab. A-2); 
- linear power and core density are higher in the latest design (items 12 and 15 in Tab. A-2), but 

volumetric power is lower (item 13 in Tab. A-2); 
- doppier and void reactivity coefficients are reported to be quite different among the various 

reactor concepts and largely change during the fuel cycle (items 20 and 21 in Tab. A-2). 

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 
10. 
11. 
12. 
13. 

Thermal Power (Mwth) 
No. of external loops or of internal pumps 
No. of Jet Pumps 
BAF elevation (m) 
Nominal downcomer level (m) 
Elevation of Feedwater lines or spargers in the 
vessel (m) 
Nominal Steam Dome pressure (MPa) 
Feedwater Flowrate (kgte) 
Feedwater temperature (K) 
Core flowrate (kg/s) (3) 
Distance between TAF and Separator inlet (m) 
Pressure drop across Separator (kPa) 
Pressure drop between downcomer and core 
inlet. (kPa) 

BWR-4/6 

3138 
2/-
20 

5.42 
14.26 
12.40 

7.31 
1698 
488 

11151. 
3.82 

49.(5) 

BWR-KWU 

3840 
-/8 
-

5.28(1) 
14.35(1) 
12.61(1) 

7.126 
2145.9 
488.0 
14306. 
4.12 
57. 

243/60(4) 

BWR-ABB 

3300 
-/8 

- -
5.71 

-
• 

7.0 
1793 
490 

13100. 
1.940-2.40 

38.7 

ABWR 

3926 
-/10 

-
8.07(2) 

-
11.61 

7.17 
2119 
489 

14500. 
3.18 
37.7 
169.5 

(1) related to RPV level "0" 
(2) below N.D.L. 
(3) including bypass 
(4) with and without pumps 
(5) 100% power/ 100% flow 

Tab. A-l - Relevant BWR core related data. 
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1. 

2. 

?• 

4. 

<, 

6. 

7. 

8. 

9. 

10. 

11. 

11 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

No. of fuel bundles 

No. of active rods per fuel bundle 

Active height (in) 

Rod diameter (ram) 

Pellet diameter min/max (cm) 

Cladding thickness min/max (mm) 

Fuel element flow area (ra2) 

Fuel element hydraulic 
Diameter (mm) 

Core inlet temperature (K) 

Core bypass flow (%.) 

Linear power - average (kw/m) 

Linear power - maximum (kw/m) 

Volumetric power (Mw/m3) 

Core exit quality (-) 

Average core density (kg/m3) 
(9) 

Total core pressure drop (KPa) 

Core inlet pressure drop (KPa) 

Spacer grid pressure drop (KPa) 

Core outlet pressure drop (KPa) 

Void reactivity coefficient 
(pcm/%void) (X - 1.) 

Doppler reactivity coefficient 
(pcm/K) 

BWR-4/6 

648 

96(6) 

3.81 

9.62(6) 

0.819(6) 

0.63(6) 

94.6E-4(6) 

9.71(6) 

552.(4) 

11-1(7,4) 

12.71(6) 

44.0(6) 

54.7 

0.178(6) 

411.4(8) 

186(4) 

70(6,3) 

18.(6) 

0.0 

60.-115.(6) 

1.72-2.07(6) 

BWR-KWU 

784 

80 

3.71 

10.75 

-/0.911 

-/0.725 

Ï00.8E-4 

12.4 

550.6 

11.5 

16.5 

32.35 

56.8 

0.143(2) 

423.5 

180.2 

92.0(3) 

30.0 

8.0 

116.(4) 

1.0(4) 

BWR-ÀBB 

700 

100 (J») 

3.75 

9.62 

0.819 

0.63 

99.9E-4 

9.80 

552 

13.0 

12.57 

38.0 

52.5 

0.137(2)0.112 

437.4 

168(4) 

84(3) 

15 

0 .002) 

90-140 

2 

ABWR 

872 

60 

3.71 

12.3. 

-/1.03 

-/0.86 

NA 

NA 

551.(1) 

10.2 

18.8 

44.0 

. 50.6 

0.Ï45 

755.18 

169.6 

60.5 

40.4 

2.31 

16.2-
75.4(5.) 

1.26-
4.50(5) 

(1) estimated 
(2) including core bypass 
(3) including lower tie plate (up to BAF) 
(4) rated conditions 
(5) assuming a delayed neutron fraction equal to 6.5E-3 
(6) ABB Atom SVEA-96 fuel 

(7) excluding the interassemhly bypass flow 
(8) based on 44% core average void content 
(9) including the weight of the liquid in bypass 
(10) ABB, Atom SVEA-100 fuel 
(11) excluding core bypass and core 

interassembly bypass 
(12) including downstream pressure recovery 

Tab. A-2 - Considered codes for BWR stability analyses. 

A/n 
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A.4 TRANSIENT SCENARIOS AND INSTRUMENTATION 

Some relationship may exist between generic transient conditions and instability 
occurrences. Wide research programs have been completed both in the areas of thermal hydraulics 
and neutronics not specifically addressing the stability issue. Progress has been made as far as the 
quality of instrumentation and the signals interpretation software are concerned. 

Without having the possibility and the goal to be exhaustive in this connection, a few 
reference papers and reports are listed as refs. [A.4] to [A.7] for thermalhydraulics, refs, [A.8] to 
[A. 10] for neutromcs and ref. [A. 11] (Conference Proceedings) for instrumentation. 

In particular, refs. [A.4] and [A.5] deal with system thermalhydraulics, including present 
code capabilities in predicting complex transients, and refs. [A.6] and [A.7] deal with the present 
status in BWR core subchannel analysis. 

Finally, ref. [A. 11] may be used for getting information about the present status in the in 
core instrumentation (see also Chapt. 5). Additional relevant works are constituted by the references 
in the main text. 
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B.l INTRODUCTORY REMARKS 

The Decay Ratio (DR), as also defined in Chapt 2, is a fundamental quantity in BWR 
stability analysis. A wide literature exists dealing with methods to evaluate DR from neutronic 
signals, e.g. references from [B.l] to [B.6]. IMORN (Informal Meeting on Reactor Noise) series of 
conferences specifically address the problem of interpreting reactor noise. The methods for 
evaluating the DR include the use of fundamental definitions, of Lyapunov exponents, of neural 
networks (e.g réf. [B.5]), etc. 

On the basis of a work done by G. Verdu\ réf. [B.6], a few methods are compared hereafter 
also to show the differences in the results when these are applied to a practical situation. 

B.2 BASIC DEFINITIONS AND DERIVATIONS 

With reference to a nuclear reactor, it is important to determine whether the actual operating 
conditions are inside the stable regime. In order to study the reactor stability, the neutronic power 
signals obtained from APRM and LPRM can be used to determine the Decay Ratio. 

Although the neutron noise cannot be fitted with a continuous second order system, the DR 
definition coming from such a system is given first (sect. B.2.1). Alternative approaches imply the 
consideration that the neutron power signals can be considered as time series. 

The value of the signal at instant tn is denoted hereafter as by % (n). To study the time series, 
these are supposed stationary, that is, the main statistical properties of the series remain constant 
over time. Also, the values of the observed series are assumed as linear combinations of present and 
past values of the series, and a parametric model can be used to fit their behaviour. 

The Decay Ratio parameter, is calculated for each of these time série. Basically, two kind of 
methods of extracting the DR from neutronic signals are in common use, those based on the 
autocorrelation function (ACF) of the signal and the ones based on the impulse response function 
(IRF), obtained using a parametric model to fit the behaviour of the system. 

B.2.1 Analytical definition of DR 

If the system that models our signals is a second-order oscillator of the form 

X + 2ax + &2x = 0, 

the general solution for the system is 

x(t) - Ae~at(cos(^w2~a2t + <p)). 

The DR parameter gives us a measurement of the damping of the system and it is defined as 
the ratio between two consecutive maxima of the signal. For the second-order system this parameter 
is a constant, and is given by 

a2it 

DR = e ^ - ^ . 

As already mentioned the neutron noise cannot be fitted with a continuous second order 
system. Consequently the above definition for DR should not be considered as a constant. It may 
only give a rough idea of the system stability. This method will not be used for deriving the values 
below. 
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B.2.2 Autocorrelation Function 

The autocorrelation function of a process as the considered one, is defined as the following 
limit 

i M 
rxx («) = I'm r r r ~ 7 ^x(n + m)x*(n). 

In practice as a finite number of points for the signal are available, the autocorrelation 
sequence is rarely known, and must be estimated with the available finite data records. Assuming N 
data samples, a discrete-time autocorrelation estimate is for the signal x(n), see [B.6J: 

L 0 0 = I *(» + «)* («) 0<m<N~l 
N — m m=o 

I N-\m\-) 

' - <w> = 1 7 - 7 7 li* <* + h M " > - ( ^ -1) ^ « ^ 0, 

The discrete sequence rw(m) forms unbiased estimates of the true autocorrelation function, 
because; it is satisfied that the expected value of the estimator gives the different points of the 
autocorrelati on functi on, E\rxx («)] = rxx (m). 

B.2.3 Parametric model 

An autoregressive moving-average model for a stationary process, can be defined as 

x(n) = -£a(k )x {n -k ) + JTb{k)u(n -k) = | > , K ( W -./) (1) 
A=l A-0 7=0 

where x(n) can be seen as the output sequence of a causal filter (hj=0 for j<0) that models the 
observed data, h, is the discrete impulse response function of the system, u(n) is a noise process 
with zero-mean and constant variance (white noise process) and a(k) and b(k) are the autoregressive 
(AR) and moving-average (MA) parameters, respectively. The notation ARMA(/?,</) is used to 
indicate an ARMA model with p autoregressive parameters and q moving-average ones. 

If all the autoregressive parameters are zero, then equation (1) can be written as 

x{n) = J^b(k)u(n-k). 

This equation represents a moving-average process of order q, MA(#). And if all the 
moving-average parameters are zero, except b(())-U equation (1) can be expressed as 

•**(") = ~Yj^{k)x{n -k) + u(n) 

that represents an autoregressive process of order /?, AR(/;>)« 
Considering the Z-transform of equation (I), we obtain 

X{z) = HMm{z)U(z\ 
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where X(z) and U(z) are the Z-transform ofx(n) and u(n), respectively, and the transfer function of 
the system is given by 

H^ (z) - É V y = - ^ ' (2) 
Jm0 l+Xa(k)z'k 

and if we denote by p ,- (j=*l„„tp) the/? simple poles of the transfer function and by a f (f=l.„q) 
the q simple zeros, (2) can be written as 

M{\-$.z !) 

where the weights wj are given by 

ft»,-co 

ft(P/-p,) 
If the above results are introduced in an AR(/;) model, the transfer function of the system is 

I ^ (fi 

where now, the weights are given by 

« , = - * ( 3 ^ 

CO , = 
J p 

The impulse response function of the system is given by 

To approximate the signals behavior by means of a parametric model, the orders of the 
ARMA model are supposed to be known. Thus, to determine the model order constitutes a previous 
problem to obtain an adequate model for the signal. 

To obtain the model order, the Akaikes's Final Prediction Error Criterion (FPE) is used. This 
criterion for a general ARMA(p,q) model, given, e.g. réf. [B.7]: 

FPE{k)Jl±]L^ 
n-k 

where n-N~p% being TV the number of sampled data in a series, k-p+q+1, and p is the residual 
variance of the process. The basis of the criterion is to use the couple of orders (p,q) at which, the 
FPE attains its minimum. 
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B.3 DEFINITIONS OF THE DECAY RATIO 

Other than the analytical definition already given, the DR definitions presented hereafter, 
can be used and are used in practical applications. 

B.3.1 Standard Method (DR1 and DR2) 

This method proposes two ways of calculating the Decay Ratio. The first one, based on the 
autocorrelation function (ACF) and the second one, based on the impulse response function (IRF) 
calculated using an autoregressive moving-average model (A~RMA(]?,q)) or an autoregressive model 
(AR(/?)) to fit the behavior of the system. Once the ACF and the IRF have been obtained, for a 
second order system, the DR would be defined as the ratio of two consecutive maxima of these 
functions, (see Fig. B-l), 

Fig. B-l - Definition of the DR, Rcf, [B.61. 

As a reactor is not a strict second-order system, this definition of DR gives not a constant for the 
system and so, we will use a new definition of the DR to improve the results. For the first three 
maxima of the function, we calculate the quotients 

DRh -, (' = U), 
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and the DR parameter of the system, DR1, is defined as the mean value of DR I f and DR12. 
To avoid any disturbance of either the ACF and the IRF, due the influence of the parasitic 

noise or the time series fmiteness, an alternative définition, is considered,' réf. [B.3] We calculate 
the quotients (sec Figure Î ) 

DR2{^^ (/ = 1,2), 

and the DR parameter of the system, DR2, is defined as the mean value of DR23 and DR22. In order 
to obtain the points Bj, the following steps are considered. The first four maxima of the ACF or the 
IRF denoted by (xMityMi) are identified. Once these points are obtained, we fit them with polynomial 
of degree three, that using the Lagrange Interpolating Polynomial formula can be expressed as 

4 

• w = Z - ^ — • — y m 

J*l 

After this, the first three minima of the ACF or the IRF are identified (xmi,ym); the image 
points, P(xmJ, of the fitted polynomial can be characterized, and thus, the Bi are given by 

B^P^J + lyJ. 

B.3.2 AR-Lyapunov Approximation (DR3) 

It is known that instabilities take place when the two biggest Lyapunov exponents of the 
system approach simultaneously to zero, which is equivalent to say that the real part of a pair of 
complex conjugate eigenvalues of the Jacobian matrix of the system approach to zero, réf. [B.4]. 

It is assumed that the reactor behavior can be fitted to a second order model with transfer 
function of the form 

(s~y)(s-y*) 

where y is the dominant pole of the system and y * its complex conjugate in the continuous s-
plane. 

To obtain this dominant pole, the dominant pole of the transfer function associated to the 
parametric model of the signai, p , is considered; this is defined as the system pole with the biggest 
weight. 

Once, it has been determined, it is transformed to the continuous s-plane using the relation 
with the discrete z-plane, z-exp(sT), Thus, the dominant pole in the continuous plane can be written 
as 

y = M È i = R e ( y ) + /iBi(y). 

and the continuous impulse response of the system is given by 

j / (0 = 2 Re , T , | 2 e R c ( y " (cos(Im(y )/) + /.v/«(Im(y )/)). 
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The system oscillation period can be calculated from the imaginary part of y and is given by 
')ir 

L,~—t—. And the DR parameter, defined as the quotient between the amplitude of two points 
Im(<p) 

separated by L, has the form 
R < Y ) 2 T I 

DR3=-e ta(r) . 

B.3.3 ARMA-AR Model (DR4) 

An alternative method to calculate the Decay Ratio, is based on the impulse response 
obtained from parametric models of the system, either autoregressive or autoregressive moving-
average ones, réf. [B.1], Once the IRF is available, using the expression 

1=1 

the DR can be calculated as the quotient between two consecutive maxima of the impulse response: 

where j is the instant corresponding to the maximum of the function and L represents the 'lag', or 
length between two consecutive maxima. Approximating the behavior of the system by a continuous 
second order model, L is given by 

Im(y ) ' 

where y is the dominant pole of the transfer function in the continuous s-plane. Using 
this method, consecutive quotients of the impulse response function in points separated by a 'lag1 L. 
are taken. Since an asymptotic value is achieved, this value is associated with the Decay Ratio 
parameter DR4. 

B.4 DECAY RATIO CALCULATIONS 

The above findings have been applied to a set of data obtained by Ringhals 1 
BWR: these were part of the OECD-NEA Benchmark on BWR stability (see also sect. 6.4). In 
order to calculate the decay ratio (definitions DR1 to DR4), the authors, réf. [B.6], made 
the modal decomposition of the neutron signals directly coming from LPRM. Details of these are 
omitted: the fundamental mode amplitude and two azimuthal modes are considered in the 
mentioned paper. 

However, hereafter the attention is focused toward the results related to the APRM-mcan 
and to the fundamental mode in the cycle 14 of the Ringhals BWR. 

Cases C-3, C-4, C-5, C-6, C-8, C-9 and C-10 (see below), relate to different recordings (time 
of the start and recording duration are identified) for which thermalhydraulic conditions have been 
assigned. 

The different parametr of the parametric models ARMA (p, q) or AR (p) used to fit the 
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signals, have been calculated basically with two programs, the Wisconsin Multiple 
Time Series program (WMTS-1), and MATLAB. Once the AR or the ARMA 
parameters of the model have been determined, these arc used to calculate the Decay 
Ratio of the system using the described methods. Particularly, DR1 and DR2 
using both the autocorrelation function (ACF) and the impulse response 
function (1RF) are calculated, DR3 is calculated by approximating the reactor behaviour by a 
continuous second-order system, and DR4 as the asymptotic value obtained from the impulse 
response function. 

In tables B-l and B-2, the obtained results related to DR are shown. As already mentioned, 
these relate to the APR-mean and fundamental mode, for Cycle -14 of the Ringhals BWR. 

Case 

C-3 
C-4 
C-5 
C-6 
C-8 
C-9 
C-10 

DR1-ACF 

0.6646 
0.5585 
0.6350 
0.4846 
0.7408 
0.6933 
0.7326 

DR2-ACF 

0.9045 
0.8793 
0.7290 
0.8286 
0.7938 
0.8798 
0.8918 

DR1-IRF 

0.5026 
0.5203 
0,4956 
0.4891 
0.5647 
0.6080 
0.6272 

DR2-IRF 

0.7275 
0.7799 
0.6749 
0.7266 
0.7793 
0.7898 
0.7738 

DR3 

0.5769 
0.7704 
0.6687 
0.6790 
0.7920 
0.7910 
0.7082 

DR4 

0.5773 
0.7704 
0.6688 
0.6790 
0.7920 
1.0558 
0.7082 

Frcq 
(Hz) 

0.4292 
0.5448 
0.5189 
0.5198 
0.5142 
0.5648 
0.5045 

Tab. B-l - DR values for the APRM-mean in Ringhals 1 Cycle -14, Réf. 1B.6]. 

Case 
C-3 
C-4 
C-5 
C-6 
C-8 
C-9 
C-10 

DR1-ACF 
0.8359 
0.7089 
0.6671 
0,6702 
0.7632 
0.6870 
0.7622 

DR2-ACF 
0.7219 
0.8630 
0.7202 
0.8102 
0,7890 
0.8805 
0.8785 

DRMRF 
0.5357 
0.6172 
0.5295 
0.5845 
0.6129 
0.6690 
0.648 

DR2-IRF 
0.7196 
0.7940 
0.6652 
0.7337 
0.7723 
0.8146 
00.7762 

DR3 
0.6418 
0.7675 
0.6682 
0.6806 
0.7920 
0.7981 
0.7104 

DR4 
0.6579 
0.7696 
0.6726 
0.6876 
0,7920 
1.1643 
0.7117 

Freq (Hz) 
0.4300 
0.5442 
0.5187 
0.5185 
0.5152 
0.5585 
0.5040 

Tab. B-2 - DR values for the Fundamental Mode in Ringhlas 1 Cycle -14, Réf. [B.6J. 

The results in the table are self-explanatory and give an idea of the spread that may result in 
predicting the decay ratio, although utilizing quite sophisticate (different) techniques. 
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Tables describing the main features of available codes adopted for BWR stability are 
reported in the following, with the purpose of summarizing the features relevant for the addressed 
applications. 

The tables have been generally set up starting from available published information. In some 
cases specific information was directly provided by contributors to the SOAR or by code 
developers. 

As already noted in Chapter 4, a uniform illustration of the various codes has been tried, 
although differences in the detail of the descriptions may be the result of different degrees in 
availability of information. Where the available information was lacking in detail or 
misunderstanding could be possible, a direct check of the tables by code developers was required. 

The tables are aimed to supply the reader with a quick description of the capabilities, the 
modelling features and the assessment of presently available codes, in order to give an idea of the 
level of accuracy which can be achieved by their use. 
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C.I Frequency-Domain Codes 

FÂBLE/BYPSS 

Property /Developer 
Capabilities 

Therrnal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• General EIectric,JJSA 
• ID parallel channel (plus bypass) thermal-hydraulic simulation 

of the core 
• Point neutron kinetics 
• Calculation of the Decay Ratio 
• Simplified ex-core modelling 
• Adopted to confirm that new fuel design meet NRC acceptance 

criteria and define boundaries of exclusion region 
• Multi-channel + bypass model 
• Mixture equations with subcooled boiling 
• Bankoff slip correlation 
• Point neutron kinetics with void reactivity feedback 
• Void feedback based on flux squared weighting of nodal void 

reactivities from PANACEA 3D wrapup data 
• Axial variation in parameters such as control fraction not 

accounted for 
• Method of evaluating void coefficient tied to qualification basis 

and application procedure 
• Lumped parameter model for cladding, gap and fuel 
• Constant gap conductance 
• Gain and phase lags calculated from geometry at each 

power/flow condition 
Extensively applied 

Tab. C-l - Characteristics of FABLE/BYPASS code, Ref. [4.80]. 
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HIBLE 

P r oper ty/Devcl oper 
Capabilities 

Thermal-hydraulics 

N eu Ironies 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Hitachi, Japan 
• ID parallel channel thermal-hydraulic simulation of the core 
• Point neutron kinetics 
• Calculation of the Decay Ratio by linear Laplace transformed 

equations 
• Simulation of different BWR types: fit pumps and internal 

pumps 
• Simulation of pressure tube type reactors 
• Simulation of experimental test loops 
• Three equation slip flow models 
• Options for two-phase flow correlations 
• Up to 20 channel groups 
• Point neutron kinetics with six delayed neutron groups 
• Coolant density and Doppler reactivity considered 
• Radial heat conduction in fuel pellet and cladding with gap 

conductance model 
• Temperature dependent thermal properties 
• Radial heat generation profile in pellets considered 
• Recirculation path momentum balance simulated 
• Single-phase feeder and two-phase riser dynamics simulated by 

option 
Thermal-hydraulic portion: 
• Various loop data 
Whole program:: 
• Peach Bottom-2, Vermont Yankee and LaSalle-2 

Tab. C-2 - Characteristics of HIBLE code, Refs. [4.81,4.82]. 
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K2 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

* Toshiba, Japan 
• 1D parallel channel thermal-hydraulic simulation of the core 
• Point neutron kinetics 
• Calculation of the Decay Ratio 
• Simulation of different BWR types: jet pumps and internal 

pumps 
• Simulation of experimental test loops 
. Licensing code for TOSHIBA BWR 
• Three equation drift-flux model for parallel channels 
• Options for physical law from design correlations: void-quality, 

subcooled boiling, Ap 
• Several channel groups; one group for bypass 
• Linearization of the equations and Laplace transformation 
• Point neutron kinetics with six delayed neutron groups 
• Laplace transformation of basic equations 
• Neutron flux transfer functions for fundamental and higher mode 
• Higher mode transfer function calculated from the higher mode 

subcriticality obtained by a 3D code 
• Transfer functions of fundamental an higher modes used for 

core-wide and regional oscillations respectively 
• Radial heat conduction in fuel rods with physical properties as a 

function of temperature 
• Calculation of heat flux to power transfer function 
• Heat transfer coefficients optional from design correlations 
• Simulation of recirculation loop dynamics(momentum equation) 
• Recirculation loop transfer function as a sum of first order delay 

transfer functions 
Extensive qualification not reported in open documents 
Qualification against experimental data in facilities: 
• Parallel channel loops 
Qualification against BWR plant data: 
• Peach Bottom-2, Vermont Yankee, LaSaIle-2, Leibstadt, 

KRB-B/C 
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Tab. C-3 - Characteristics of K2 code, Refs. 14.83,4.164]. 
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LAPUR-5 

Property/Developer 

Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

mm « I I H I ' I U M - I i ,— v i I r u n -J I I • — ••' » » l " • 1—IU-LU inn,, r——r-jq 

• Nuclear Regulatory Commission, USA 
. ORNL, USA 
• Core-wide, out-of-phase, and channel decay ratios from 

calculated frequency-domain transfer functions 
• ID parallel channel (maximum of 7) TH simulation of the core 

with dynamic flow redistribution 
• Full Laplace domain (i.e. not just along the imaginary axis) pole 

search for increased decay ratio estimate accuracy 
• Two-fluid slip model in the core 
• Non-equilibrium (subcooied boiling) model 
• Integral formulation of ex-core vessel components (recirculation 

loop) 
• Core pressure/flow boundary conditions are automatically 

selected to estimate the core-wide or out-of-phase oscillation 
modes 

• Point kinetics for core-wide neutronics 
• Out-of-phase mode neutronics modelled using the point kinetics 

equivalent equations for the first subcritical mode 
• Reactivity feedback calculated as power-square average of 

"local" reactivity contributions 
• Density reactivity coefficient may be input as a polynomial of 

local density or it may be calculated by LAPUR-5 based on 2-
group cross sections and control-rod positions 

• Discrete parameter model (10 rings) for ID radial heat 
conduction in fuel rods 

• Explicit model for pellet-clad gap 
• Up to five different fuel types 
• None. Recirculation loop integral momentum dynamics are user 

input 
• Documented Benchmarks against: 

Peach Bottom, Vermont Yankee, Dresden Browns Ferry, 
Susquehanna-2, Grand Gulf and Oskarshamn 

• Undocumented benchmarks: 
WNP-2, LaSalle, Ringhals and others 
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Tab. C-4 - Characteristics of LAPUR-5 code, Refs, [484,4.851. 
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NVFREQ 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Ncutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 
Assessment/Qualification 
relevant to BWR Stability 

• R.T. Lahey, G. Yadigaroglu (General Electric) 
• Simulation of simple two-phase sections or loop 
• Point neutron kinetics 
• Homogeneous equilibrium flow for a single channel 
• Àp adjusted with correction factors 
• Linearization of the equations and Laplace transformation 
• Simple point neutron kinetics 
• Reactivity coefficients for void and Doppler 
• Linearization of the equations and Laplace transformation 
• Uniform heat flux in the two-phase region 

• Simple loop simulation 
No formal validation but extensively tested 

•-!m mr . I i m l . 1_ I ml ... T m . . . . _iij _ i i«w J L I —r 1 i ... .n- i i ; .. -. 1 

Tab. C-5 - Characteristics of NUFREQ code, Réf. [4.88J. 

NUFREQ-NP 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 
Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• RPI, USA 
• ID parallel channel THsimulation 
• Coupling with point, 1D, 2D or 3D neutron kinetics models 
• Ex-core recirculation dynamics 
• Three balance equations in the liquid region of the channel 
• Four equations drift-flux model with thermal non-equilibrium in 

the subcooled boiling ro^on 
• Thermal equilibrium drift-flux model in the bulk boiling region 
• Coupling with models for point, ID, 2D or 3D kinetics 
• Radial heat conduction in fuel gap and cladding 
• Heat transfer coefficients from Dittus-Boelter, Jens-Lottes and 

Thorn for single-phase and boiling 
• Simulation of separation and recirculation with representation of 

vessel components 
Application to: 
Peach Bottom-2, FRIGG tests 

Tab. C-6 - Characteristics of NUFREQ-NP code, Ref. [4.62]. 
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ODYSY 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 
Assessment/Qualification 
relevant to BWR 
Stability 

• General Electric, USA 
• ID parallel channel thermal-hydraulic core simulation 
• 1D neutron kinetics or point kinetics with higher harmonics 
• Calculation of Decay Ratio 
• Qualified for GE internal evaluation of new fuel design 
• Multiple channel types 
• Five equation drift flux model (two mass and energy equations, 

plus a single momentum equations) 
• In-channels and Bypass Regions 
• Transient redistribution of flows due to channel coupling 
• Direct moderator heating 
• Best estimate thermal-hydraulics correlations 
• 1 -D kinetics with voi d and Doppier reacti vity feedback 
• . Kinetics parameters collapsed form 3D PANACEA wrapup at 

specific plant conditions 
• Flux squared weighting of kinetic parameters 
• Impact of axial and radial variations in control fraction and 

power shape accounted for 
• Sets of specific collapsed parameters for each fuel type, control 

and power distributions in axial nodes 
• Fitting of coefficients describing the effect of fuel temperature 

and moderator density considering the various channel groups 
• ID radial conduction 
• Radial variation of power generation in pellet 
• Axially varying power generation rate 
• Temperature dependent thermal properties for cladding and fuel 
• Axially and radially varying gap conductance 
• One average rod per channel type 
• Feedback from moderator temperature and heat transfer 

coefficients 
• Heat transfer package for: single-phase liquid, Two-phase 

subcooled boiling, two-phase nucleate boiling 
• Specific models 
• Qualified by comparison with analytical solutions, design codes, 

plant data 
• Steady state results: compared against ISCOR design code 
• Component transfer functions, fuel heat transfer, channel 

thermal-hydraulics ex-core hydraulics: compared with analytical 
solutions and time-domain codes 

• Integral code results: 
• compared with plant data on decay ratios and instability onset 
• other codes (FABLE/BYPSS, TRACG) 

• Plant data comparison: 
• core wide stability data : Vermont Yankee, LaSalle, Peach 

Bottom 
• regional stability data: Caorso, Leibstadt, KRB-B, KRB-C, 

Cofrentes 
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Tab. C-7- Characteristics of ODYSY code, Ref. (4.801. 
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STAIF 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Siemens-KWU, Germany 
• 1D parallel channel thermal-hydraulic core simulation 
• ID neutron kinetics 
• Calculation of Decay Ratio for fundamental mode and the higher 

harmonics 
• Siemens design tool for linear stability 
• Multiple channel types with rndGpendcnt geometry and axial 

power distributions 
• 2 mass (vapour, mixture), 2 energy (vapour, mixture) and one 

momentum (mixture) equations 
• Subcooied boiling consideration 
• hvcharmel and bypass flow simulation 
• Fraction of heat generated directly in the moderator including 

unheated parts 
• Up-to-date design basis thermal-hydraulic and pressure drop 

correlations 
• I group diffusion theory with ID axial variation of neutron flux 
• 1D axial void and Doppler reactivity feedback 
• Influence of the control rod pattern by control rod dependent 

properties 
• 6 delayed neutron groups for Uranium and MOX Fuel 
• Data transfer from 3D core-simulator for accounting specific 

plant conditions 
• Determinati on of higher harmonics 
• ID radial heat transfer and multiple bundle types 
• Axial ly varying power generati on rate 
• Radial power shape input for the pellet 
• Axially varying gap conductance 
• Temperature dependent thermal properties 
• Each bundle represented by an average channel 
• Up-to-date heat transfer package for different flow regimes 
• Physically based modelling of the main recirculation loop 
• Handling of forward and reverse flow, and single loop conditions 
Application to tests in different reactor plants: 
• Verification against steady state design codes 
• Qualified by the post- and pre-calculation of around 65 stability 

measurements in various plants with different fuel types 
• Qualification of the capability to predict also regional oscillations 

based on post-calculation of measurements in KRB B/C and 
KKK 

• Qualification of the code thermai-hydraulics by the 
postcalculation of thermal-hydraulic test data for various fuels 

• Application to Ringhals-1 Benchmark 

Tab. C-8 - Characteristics of STAIF code, Rets. 14.91,4.92,4.1561-

SOARONBWRS-C 
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STAIF-PK 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Nuclear Fuel Industries Ltd., Japan 
• One-dimensional parallel channel simulation of the BWR core 
• Point kinetics 
• Coupled thermal-hydraulic and neutronic core stability 
• Reactivity feedback associated with fundamental or higher 

harmonic modes 
• Calculati on of decay ratio 
• Multiple channel types with distinct geometry and power 

distributions 
• One dimensional two-phase drift-flux model 
• Five equations: 2 mass and 2 energy (vapour, mixture), 1 

momentum 
• In-channel and bypass flow 
• Subcooled boiling model and direct moderator heating models 
• Point kinetics for critical and subcritical mode 
• Six group delayed neutron equation 
• Void reactivity as a function of void fraction and control rod 

density for each node 
• Reactivity feedback with squared nodal power (or flux) 

weighting for the fundamental or higher harmonic mode 
• One-dimensional radial heat conduction equation for a single rod 

representing the average rod in each thermal-hydraulic node 
• Power distribution in the fuel pellet 
• Heat transfer coefficients in single-phase liquid, subcooied 

boiling and nucleate boiling 
• Temperature dependent physical property of the cladding and the 

fuel pellet 
• Physically based model for the recirculation loop (upper plenum, 

steam separator, vessel dome, down-comer, recirculation pump, 
and inlet plenum) 

• Pump models for external recirculation, jet pumps and internal 
pumps 

• Qualified against thermal-hydraulic stability tests data for parallel 
channel stability simulation for wide range of operating 
conditions of BWRs 

• Qualified against reactor core stability data: 
• Core wide stability data: Peach Bottom-2, Krucmmel, 

Ringhals-l,WNP-2 
• Regional stability data: KRB-B, KRB-C, Kruemmel, 

Ringhals-1 

Tab. C-9 - Characteristics of STAIF-PK code, Refs. [4.93,4.94,4.156]. 
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C.2 Time Domain Codes 

ATHLET 

Property /Developer 

Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, 
(Germany) 

• 1D parallel channel thermal-hydraulic simulation of the core 
• Neutronic described by point or ID kinetics 
• Detailed description of the whole plant, including BoP 
• ID flow models based on drift-flux and thermal non-equilibrium; 

six equation two-fluid model under development 
• Fully implicit time-integration with accuracy controlled time-step 

size 
• Point kinetics or ID kinetics with six delayed neutron groups 
• Coupling with 3D neutronics model QUABOX/CUBBOX under 

development 
• Heat conduction in flue rods and structures 
• Heat transfer coefficients for all regimes of BWR 
• Representation of the whole plant system 
• Specific models for plant components like pumps, steam 

separators, etc. 
• Capability to describe BoP by a general control simulation model 
• General validation by separate effect and integral effect test of 

OECD validation matrix 
• BWR stability by calculating RBMK specific stability tests 

Tab. C-10 - Characteristics of ATHLET code, Refs. [495,4.155]. 
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DYNAS-2 

Property /Developer 
Capabilities 

Thermal-hydraulics 

Newtronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Nuclear Fuel Industries Ltd., Japan 
• One-dimensional parallel channel simulation of the BWR core 
• Three-dimensional kinetics 
• Coupled thermal-hydraulic and neutronic core stability 
• Calculation of LPRM and APR signals 
• Calculation of Critical Power Ratio 
• Multiple channel types with distinct geometry 
• One-dimensional two-phase drift-flux model 
• Five equations: 2 mass and energy (vapour and mixture), 1 

momentum (mixture) 
• In-channel and bypass flow 
• Subcooled boiling and direct moderator heating models 
• One-group diffusion model 
• One node for each bundle and 24 axial nodes 
• Six-group delayed neutron equation 
• Void reactivity and Doppler reactivity feedback as a function of 

void fraction and control rod density for each node\ 
• One-dimensional radial heat conduction equation for a single rod 

representing the average rod in each thermal-hydraulic node 
• Power distribution in the fuel pellet 
• Heat transfer coefficients in single phase liquid, subcooled 

boiling and nucleate boiling 
• Temperature dependent physical property of the cladding and the 

fuel pellet 
• Physically based model for the recirculation loop (upper plenum, 

steam separator, vessel dome, down-comer, recirculation pump, 
and inlet plenum) 

• Pump models for external recirculation, jet pumps and internal 
pumps 

• Qualified against thermal-hydraulic stability tests data for parallel 
channel stability simulation for wide range of operating 
conditions of BWRs 

• Qualified against reactor core stability data: 
• Core wide stability data: Peach Bottom-2, Kruemmel, 

Ringhals-l, WNP-2 
• Regional stability data: KRB-B, KRB-C, Kruemmel 

Ringhals-l 

Tab. C-ll - Characteristics of DYNAS-2 code, Refs. [4.93,4.156]. 
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DYNOBOSS 

Property /Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Institute de Estudos Avancados (Brazil), RPI (USA) 
• ID parallel channel thermal-hydraulics 
• Point neutron kinetics 
• Vessel component modelling 
• Four equation drift-flux model 
• Vapour phase always in saturated conditions 
• Subcooled boiling models: mechanistic and profile fit 
• Zuber-Findlay drift-flux model 
• Fluid thermophysical properties evaluated on the basis of an 

average system pressure 
• . Liquid density taken at saturation 
• Semi-implicit numerical method, with capability to choose time 

discretization (explicit, Crank-Nicholson, implicit) 
• Iterative procedure to attain steady-state conditions 
• Point neutron kinetics 
• 2D one speed space dependent steady-state calculations 
• Either cylindrical or rectangular geometry 
• Reflection factors at the core top, bottom and lateral surfaces 
• Linear feedback for Doppler and void effect 
• Successive Line Overtaxation (SLOR) method for matrix 

inversion 
• Two options for fuel behaviour: 

- distributed parameter model 
- lumped parameter model 

• Vessel component modelling similar to NUFREQ-NP: lower and 
upper plena, riser, separators, downcomer and pump 

• Comparison of thermal-hydraulic and heat transfer models 
against DWO experimental data and frequency domain code 
response 

• Parametric analyses on the basis of Peach Bottom-2 data 
• LaSalle-2 instability event simulation 

Tab. C-12-Characteristics of DYNOBOSS code, Refs. [4.96,4.97,4.1571. 
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BWR-EPA (with HIPA-BWR Code) 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neiitronics 

Fuel dynamics 
and heat transfer 

Ex-corc systems 

Assessment/Qualification 
relevant to BWR Stability 

• NRCandBNL,USA 
• 1D nonhomogeneous, nonequilibrium two-phase flow in vessel 
• Point kinetics with approximation for 1D, time-dependent power 

shape 
• Fixed nodal representation of vessel (55 nodes), 3 core channels 
• Dynamic ex-vessel models for BoP, suppression pool, wetwell, 

drywell and control systems 
• Interactive on-line graphics and acceptance of control and failure 

signals from keyboard via telephone line 
• Four times faster than real-time simulation speed 
• Four equations drift flux model with nonequilibrium phase 

change 
• Loop momentum balance and mixture volumetric flux divergence 

. equations 
• Core-average, hot and bypass channels with 12 nodes each 
• Nonequilibrium boiling, flashing and condensing in the vessel, 

equilibrium phase change in containment for relative humidity 
• Wall shear and form loss according to HTFS 
• Polytropic steam flow through turbines (power and FW pump 

drive, with speed-dependent isentropic turbine efficiency) 
• Point kinetics, six delayed neutron groups 
• Reactivity feedback for Doppler, moderator temperature, void, 

scram and boron 
• Decay heat mode with thirteen precursor groups 
• Direct gamma heating of liquid phase 
• Boron tracking in vessel 
• Integral heat conduction model for radial temperature 

distribution 
• Thermophysical properties depending on mean pellet and mean 

cladding temperature 
• HTCs for single-phase flow and nonequilibrium boiling 
• Phase separation and level tracking in steam dome and 

downcomer 
• Vessel discretized with 19 nodes, single recirculation loop with 

dynamic model for generator-motor speed control 
• Acoustical effects from valve closure in steam line (power spike) 
• Impulse and reaction turbine models for main and FW pump 

drive turbines 
• Condenser and FW preheater models (main and drain sections) 
• Models for suppression pool, wetwell and drywell atmospheres 
• Dynamic models for automatic regulation of FW flow, vessel 

pressure and recirculation pump speed 
• Interactive tripping of control system failures, valve actions, 

breaks 
Application to: 
• Peach Bottom Stability Tests 
• LaSaIle-2 Instability 
• Comparison with LAPUR and TRACG codes 
• FRIGG Stability tests (indirectly through RAMONA assessment) 
• CSAU analysis for suppression pool temperature rise after large-

amplitude instability followed by ATWS 

Tab. C-Ï3 Characteristics of EPA, Refs. [4M,4.99,4.100,4.1581. 

C/I4 
SOARONBWRS-C 

356 



PANTHER 

Property /Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 
Assessment/Qualification 
relevant to BWR Stability 

• Nuclear Electric, United Kingdom 
• 1D thermal -hydraulics 
• 3D neutronic representation of the core 
. Applicable also to PWR, WER, RBMK, AGR and MAGNOX 
• 1D drift flux mo del withEPRI slip correlation 
• Subcooled boiling model 
• Tabular dependence of coolant thermophysical properties 
• Also coupled to VIPRE-01 
• Rectangular or hexagonal assemblies 
• Sector symmetries and range of boundary conditions 
• Simple mesh refinement consistent 3D to 1D condensation 
• Steady-state and transient analytic nodal solution of diffusion 

equations 
• Multigroup (up to 12 groups) 
• Time differencing based on stiffiiess confinement 
• Nodal pin-power reconstruction 
• Extensive range of steady-state search options and transient 

drivers 
• Representation of within-node burn-up variation and rod tip 

treatment 
• Steady-state and transient thermal and poison feedback 
• Transient decay heat representation 
• Extensive tabular dependence of cross-sections on temporal and 

history parameters 
* Annular heat conduction model with axial heat transport 
• Tabular dependence of fuel and clad thermophysical properties 
• Coupled with RELAP5 (development version) 
Performed applications: 
• Limited comparison with operational measurements for BWR 

and RBMK 
• Many benchmark problems and inter-code comparison 
• Extensive comparison with operational measurements in PWRs, 

AGR and limited comparison with VVER and MAGNOX data 
Planned applications: 
• Analysis of BWR stability benchmark 

Tab. C-14 - Characteristics of PANTHER code, Rcfs. [4.101,4.159,4.1601. 
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QUABOX/CUBBOX-HYCA 

Property/Developer 

Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Geseîlschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, 
(Germany) 

• 3D neutronic representation of the core 
* ID thermal-hydraulics 
• 1 D-single and two-phase flow model using drift-flux correlations 
• Channel by channel representation 
• Core boundary conditions either specified at core inlet or 

pressure drop along the core 
• Full 3D two-group coarse mesh solution of neutron diffusion 

equations based on local polynomial flux expansion for steady-
state and transient conditions 

• Time integration including frequency transformation 
• Flexible interface to cross-section library describing dependence 

on all relevant parameters 
• Annular heat conduction model 
• Temperature dependence of fuel heat conduction 
• A coupling with system code ATHLET is under development to 

decribe plant systems 
• OECD-BWR Transient Benchmark 
• ID model was used for sensitivity analysis of BWR stability 

Tab. C-15 - Characteristics of QUABBOX/CUBBOX-HYCA code, Rcf. [4.102], 
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RAMONAS 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 
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• ScandPower, Norway 
• ID thermal-hydraulic simulation of vessel components with 

parallel channels in the core 
• 3D neutronic representation of the core with 6"x6" nodes 
• Ex-core component modelling 
• Four equation, drift-flux model in vessel 
• Two equations for acoustic effects in steam lines 
• Integral formulation of momentum equation 
• Boron mass conservation equation 
• Constitutive relationships for non-equilibrium vapour generation, 

heat transfer, two-phase pressure loss multipliers 
• Full core simulation with all fuel channels modelled as parallel 

channels 
• Conversion of PDEs into ODEs solved with Euler explicit 

numerical scheme in core; Runge-Kutta adopted in steam lines 
• Higher order explicit integration scheme 
• 3D neutron kinetics based on the PRESTO I1/2 group nodal 

method 
• Six delayed neutron groups 
• Implicit predictor-corrector time integration technique for 

neutronics and fuel thermodynamics 
• Full or reduced core symmetry 
• Nuclear cross-section data parametrized in history (burnup, void 

history. Xenon) and instantaneous parameters (density, fuel and 
coolant temperatures, control state, Boron) 

• Boron tracking 
• Decay heat model ANSI Standard 5.1 
• Discrete parameter model for heat conduction in fuel rods 
• Pre- and post-CHF heat transfer package 
• ID T/H models for riser, steam dome, downcomer and lower 

plenum 
• Special models for internal and jet pumps, steam separators, etc. 
• Plant control and protection system models (pressure controller, 

feedwater controller, SRVs, MSIVs, HPCI, RCIC, SLCS) 
Application to: 
• Test loop data: FRIGG 
• Plant stability tests: Caorso, La Salle, WNP-2, Dodewaard, 

Leibstadt, Forsmark 1-2-3, Ringhals-I, TVO-Ï-ÏI, Wurgassen, 
Oskarshamn-3, Peach Bottom-2, Browns Ferry, KRB, Dresden-2, 
Vermont Yankee, Oyster Creek 

Tab. C-16 - Characteristics of RAMONA-3 code, Refs. [4.110,4.1111. 
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RAM0NA-4B 

Property/Developer 
Capabilities 

Th ermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

. NRC and BNL, USA 
• ID nonhomogeneous, nonequiiibrium two-phase flow in vessel 
• 3D neutron kinetics for the core 
• Fixed nodal representation of vessel, 200 core channels, 55 

nodes in vessel — 
• Dynamic ex-vessel models for balance of plant, suppression 

pool, wetwell, drywell and control systems 
• Dynamic models for SBWR-specific components 
• Runs on workstations and PCs 
• Four equations drift flux model with nonequilibrium phase 

change 
• Loop momentum balance and mixture volumetric flux divergence 

equations 
• . Up to 200 hydraulic channels with 24 nodes 
• Nonequilibrium boiling, flashing and condensing in the vessel, 

equilibrium phase change in containment for relative humidity 
• Detailed boron transport model with boron mixing efficiency 
• Polytropic steam flow through turbines (power and FW pump 

drive, with speed-dependent isentropic turbine efficiency) 
• 3D neutron kinetics based on 1 Vz group diffusion theory with six 

delayed neutron groups 
• Reactivity feedback for Doppler, moderator temperature, void, 

scram, control rod motion and boron 
• Decay heat mode consistent with ANS Standard 5.1 
• Direct gamma heating of liquid phase 
• Detailed boron tracking in core hydraulic channels 
• Discrete parameter model for heat conduction in fuel rods, 

accounting for fuel gap 
• Thermophysical properties depending on local pellet and 

cladding temperatures 
• HTCs for single-phase flow and nonequilibrium boiling 
• Pre- and post-CHF heat transfer package 
• Phase separation and level tracking in steam dome and 

downcomer 
• Vessel discretized with up to 55 nodes, single recirculation loop 

with dynamic model for generator-motor speed control 
• Acoustical effects from valve closure in steam line (power spike) 
• Impulse and reaction turbine models for main and FW pump 

drive turbines 
• Condenser and FW preheater models (main and drain sections) 
• Models for suppression pool, wetweli and drywell atmospheres 
• Dynamic models for automatic regulation of FW flow, vessel 

pressure and recirculation pump speed 
• Special models for SBWR-specific components 
• Peach Bottom Stability Tests 
• LaSatle-2 Instability 
• Comparison with LAPUR and TRACG codes 
• FRIGG Stability Tests 
• CSAU analysis for SBWR startup transients 

Tab. C-17 - Characteristics of RAMONA-4B code, Refs. [4112,4.113,4.158]. 
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RELAP5/MOD2-RELAP5/MOD3 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

* Idaho National Engineering Laboratory, USA 
• 1D parallel channel thermal-hydraulic simulation of the core 
• Point neutron kinetics 
• Detailed noding of the whole plant including BoP 
• ID separated flow model (six equations; complete thermal and 

mechanical non-equilibrium between the phases) 
• Physical laws selected on the basis of flow regime maps 
• Semi-implicit and nearly-implicit numerical methods 
• Point kinetics with six delayed neutron groups 
• Decay power model 
• Feedback mechanisms selected by input parameters 
• Radial heat conduction for fuel rods and heat structures 
• Finite difference scheme 
• Temperature-dependent thermophysical properties of materials 
• Pre-CHF and post-CHF heat transfer coefficients 
• Capability to describe the BoP with the same sophisticate models 

adopted for the vessel 
• Specific models for plant components (pumps, jet-pumps, 

separators, turbine, etc.) 
• Logic of interventions and control system available 
General validation: 
Several experimental tests in separated and integral test facilities by 
different users all over the world 
Specific application to: 
• LaSalle-2 

Tab. C-18 - Characteristics of RELAP 5 code, Refs. [4,114,4.115,4.116J. 
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RETRAN-3D 

Property/Developer 
Capabilities 

Thermal-hydraulics 

• 

Neutronics 

Fuel dynamics and heat 
transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR stability 

• EPRI, USA 
• 3D, ID parallel channel thermal-hydraulic simulation 

of the core 
• 3D, ID and point neutron kinetics 
• Detailed noding of the whole plant 
• 1D nonequilibrium model with slip 
• ID homogeneous equilibrium model with slip 
• Multi-dimensional vector momentum 
• Algebraic and dynamic slip correlations 
• Nodal discretization of the plant 
• Nondiffusive solution method 
• General purpose constitutive relationships 
• 3D, ID, and point kinetics with six delayed neutron 

groups 
• Decay power model 
• Feedback mechanisms selected by input parameters 
• 3D and ID kinetics void and Doppler feedback 

determined from cross sections 
• Radial and slab heat conduction for fuel rods and heat 

structures 
• Finite difference scheme 
• Nodal schematization of ex-core systems 
• Specialized models for some components (e.g., jet 

pumps) 
• General control system model 
Applications to: 
• Peach Bottom 2, Grand Gulf, LaSalIe-2, Vermont 

Yankee 

Tab. C-19 - Characteristics of RETRAN-3D code, Rcf. [4.161 ]. 
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SABRE 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Pennsylvania Power & Light, USA 
• ID parallel channel thermal-hydraulic simulation of core 
• Point neutron kinetics 
• Boron transport 
• Reactor vessel, steam line, and primary containment modeling 
• Three equation equilibrium model 
• Locally incompressible flow (no acoustic phenomena) 
• Ohkawa-Lahey void model 
• Cocurrent and countercurrent flows 
• Conversion of PDEs into ODEs by control volume formulation 
• Mixture of implicit and explicit first-order temporal integration 
• Point neutron kinetics with six delayed neutron groups 
• Axial power shape varies with time 
• Reactivity coefficients vary with time and axial position 
• Nuclear kinetics library based on SÏMULATE/SÏMTRAN used 

to compute variations in axial power shape and reactivity 
coefficients 

• Three-node radially lumped parameter model for heat 
conduction 

• Dittus-Boelter and Thorn correlations for HTC evaluation 
• Nucleation model for prediction of subcooled boiling 
• Simulation of direct coolant heating 
• Modeling of jet pumps, lower plenum, core bypass, upper 

plenum, riser, separator, downcomer, steam dome, steam lines, 
and primary containment. 

• Application to ATWS simulation reported. 
• MA. Chaiko, CA. Kukielka, Simulator benchmarking studies 

for ATWS scenarios, Trans, of the Twenty-First Water Reactor 
Safety Information Meeting, Bethesda, Maryland, October 25-
27,1993,NUREG/CP-0132. 

_ • w — , — i 1 • i . , - . . i r - _ , . - • - - - • • , ' - « •• — • - m » - • i ii • ' 

Tab. C-20 - Characteristics of SABRE code, Refs. [4.120,4.162]. 
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SIMULATESKCode (Version 2.0) 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Ncutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Studsvik, Sweden-USA 
• 3D neutronic core representation 
• Channel-by-channeJ thermal-hydraulic representation of the core 
• Ex-core system simulation 
• Three-equation thermal-hydraulic model using the SETS method 

with one hydraulic channel per fuel assembly 
• BWR channel pressure drop balancing 
• Water rod and bypass flow calculations 
• Boron advection and maps for modelling asymmetrical loop 

flows and temperatures (for PWR applications) 
• Full 3D two-group advanced nodal neutronics model with 

frequency transform time-integration for accuracy with large time 
steps 

• Full S1MULATE-3 cross section libraries (with dependencies on 
fuel and moderator temperatures, void, control rods, boron, 
exposure, enrichments, etc.) 

• Neutronic feedback of infra-assembly burnup gradients and 
spectral histories 

• Axially zoned control rod models and control rod cusping model 
• Automatic geometry expansions to full or fractional cores 
• Automatic time step selection 
• Ex-core detector models (for prediction of SCRAM signals) 
• Transient pin heat conduction with exposure- and temperature 

dependent fuel pin properties in each 3D node 
• Average hot pin modelling for each 3-D node 
• Integration with TSI (Japan) ex-core system models (plena, steam 

separators, downcomer, jet pumps and recirculation pumps) 
Application to: 
• Steam Line Break, Locked Rotor, Boron Dilution and Rod Drp 

Reactivity Transients (PWR) 
Planned/performed: 
• BWR Stability Analyses 
• Comparison with FR1GG BWR loop transfer functions 

Tab. C-21 - Characteristics of SIMULATE-3K code, Ref. [4.1211. 
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SPDA (now EUREKA-RELAP5) 

Prop erty/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 
Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• Japan Institute of Nuclear Safety (J INS), Japan 
• ID parallel channel thermal-hydraulic simulation of the core 
• Multigroup 3D representation of the core 
• Detailed noding of the whol e plant 
• Optional use of coupled of EUREKA/SPACE for neutronics and 

RELAP5/MOD1 for thermal-hydraulics, or of each code as a 
separate program 

• ID, 2 phase flow model (five equations; partial thermal, full 
mechanical non-equilibrium) or ID flow model (saturated vapour 
and drift flux) 

• Maximum number of core nodes = (X x Y) 100 
• Physical laws selected on the basis of flow regime maps 
• Pre-CHF and post-CHF heat transfer coefficients 
• Semi-implicit and nearly-implicit numerical methods 
• Multigroup time-dependent diffusion in 3D geometry combined! 

with point kinetics 1 
• Six delayed neutron groups J 
• Quasi-static solution method I 
• Maximum 2000 material regions 
• Up to 50 x 50 x 50 space points 
• Radial heat conduction for fuel rods and heat structures 

* Specific models for plant components 
• Improvement by JINS of standard RELAP5/MOD1 (e.g. jet pump 

model) 
Application to: 
• LaSalle-2 
• Peach Bottom-2 trubine trip test 
• 3D stability analysis in BWR 

Tab. C-22 - Characteristics of SPDA (now EUREKA-RELAP5) code, Ref. [4.122]. 
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STANDY 

Property/Developer 

Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

• TEPCo, Toshiba Corp. and Hitachi Ltd., Japan, for the coupled 
multiregion version 

• TEPCo and Hitachi Ltd., Japan, for the full 3D version 
• ID parallel channel thermal-hydraulic simulation of the core 
• Element by element neutronic 3D representation of the core 
• Ex-core component modelling 
• 1D separated flow model with 3 equations 
• Up to 26 axial nodes including 2 nodes for unheated region 
• Uniform core pressure assumed for property calculation 
• Compressibility of liquid and vapour neglected 
• Subcooled boiling considered according to Levy's profile fit 
• Drift flux according to Zuber-Findlay-Dix 
• Martinelli-Nelson multiplier for distributed losses and 

homogeneous flow multiplier for local losses 
• Iterative scheme comprising: 

• solution of continuity and energy eqs. for given channel flow 
• solution of momentum equation for a given core Àp 
• use of the obtained results to modify core boundary 

conditions through ex-core models 
Coupled multiregion version 
• Up to 20 radial regions composed of arbitrary numbers of fuel 

bundles (one to several fuel bundles may be included) 
• Up to 24 axial regions 
• Neutronic coupling between nodes by effective transport kernels 
• Nuclear constants as a function of coolant density and fuel 

temperature supplied by a steady-state core simulator 
Fully 3D version 
• Modified one-group time-dependent diffusion in 3D geometry 
• Six delayed neutron groups 
• Nuclear constants from a three group model as a function of 

coolant density and fuel temperature 
• Radial heat conduction for fuel rods with ten nodes 
• Pellet-clad conductance as a function of burn-up and temperature 
• Dittus-Boelter and Chen correlations for heat transfer 

coefficients 
• GEXL correlation for BT 
• Single and two-phase ex-core models for separators, steam dome, 

steam line and recirculation 
Applications to: 
. Peach Bottom-2, Vermont Yankee, Caorso, KRB-B/C, LaSalle-2 

Tab. C-23 - Characteristics of STANDY code, Refs. [4.123,4.124,4.125,4.128,4.163J. 
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TOSDYN-2 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

Toshiba Corp., Japan 
• ID parallel channel thermal-hydraulic simulation of the core 
• Element by element neutronic 3D representation of the core 
• Ex-core component modelling 
• Thermal non-equilibrium, drift-flux model with five equations 
• ID parallel channel core simulation 
• Optional design correlations for drift-flux, heat transfer, etc. 
• Predictor-corrector solution scheme for continuity and energy 
• Iterative procedure to achieve the same Ap across the channels 
• Subcooled boiling treatment 
• Modified one-group time-dependent diffusion in 3D geometry 
• Six delayed neutron groups 
• Finite difference numerical discretization 
• One radial node and 24 axial nodes per fiid bundle 
• Coupling with few thermal-hydraulic channels and fuel structures 
• Consistency with 3D steady core simulator, used for initialization 
• Radial heat conduction for fuel rods 
• GEXL correlation for BT 
• Material properties as a function of temperature 
• Ex-core models for separators, steam dome, steam line, 

recirculation, and control system 
Application to: 
• Plant stability data: Peach Bottom-2, Vermont Yankee, Caorso, 

KRB-B/C, Leibstadt, LaSalle-2 
• Start-up data from a typical Japanese BWR-5 
• Parallel channel loop tests for BT during oscillations 

Tab. C-24 - Characteristics of TOSDYN-2 code, Refs. [4.126,4.127,4.83,4.164], 
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TRAB 

Property/Developer 
Capabilities 

Thermal-hydraulics 

Neutronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
relevant to BWR Stability 

Valtion Teknillinen Tutkimuskeskus, Finland 
• 1D thermal-hydraulic simulation (at most 3 parallel channels) 
• 1D neutronics simulation 
• Ex-core component modelling 
• Four euqation drift-flux model for parallel channels 
• Two equations for acoustic effects in steam lines 
• Boron mass conservation equation 
• Discretization in conservation form 
• Space and time dependent discretization parameter to minimize 

truncation errors (diffusion) 
• Two-group diffusion in ID geometry with radial shape function 
• Six delayed neutron groups 
• Two or three radial subregions; 21 to 41 axial nodes 
• Nuclear constants consistent with VTT nuclear data libraries 
• Boron tracking 
• Deacy heat model ANS standard 5. i 
• Radial heat conduction with 0-method for time discretization and 

finite element for space discretization 
• Hot channel analysis in separate runs 
• Heat transfer coefficients for different hydraulic regimes 
• Pre and post-CHF heat transfer 
• Simulation of steam dome, steam lines, recirculation pumps and 

control protection systems 
• Flexible input to choose or implement models 
Application to: 
• Benchmark Problems 
• Plant data 
• TVO-Ï 

Tab. C-25 - Characteristics of TRAB codes, Rcfs, [4.129,4.130,4.131,4.165]. 
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TRAC-BF1 and TRACG 

Property/Developer 

Capabilities 

Thermal-hydraulics 

Neufronics 

Fuel dynamics 
and heat transfer 

Ex-core systems 

Assessment/Qualification 
releva nt to BWR Stability 

• Idaho National Engineering Laboratory, USA (TRAC-BF1) 
• General Electric, USA ; Toshiba, Japan (TRACG) 
• ID parallel channel thermal-hydraulic simulation of the core 
• 3D thermal-hydraulic simulation of the vessel 
• Element by element neutronic 3D representation of the core 
• Detailed description of reactor, piping and BOP 
• Used to determine the setpoints for scram of Oscillation Power 

Range Monitor (OPRM) 
• Best Estimate thermal-hydraulics with 3D capabilities 
• Fully non equilibrium two-fluid model with six balance equations 
• Physical laws applied consistently with flow regime maps 
• Numerical Method: Stability Enhancing Two-Step (SETS) 
• GE proprietary modifications included in TRACG 
TRAC-BF1 
• Point or 1D neutron kinetics 
• Six delayed neutron groups 
TRACG 
• Modified one-group time-dependent diffusion in 3D geometry 
• Six delayed neutron groups 
• Equations derived from a three-group model 
• Quasi-static method for dynamic calculations 
• One radial node and 24-25 axial nodes per fuel bundle 
• Coupling with few thermal-hydraulic channels and fuel structures 
• Consistency with 3D steady core simulator, used for initialization 
• Radial heat conduction in structures and fuel rods 
• Nodal discretization of rods and structures 
• Heat transfer coefficients for all regimes of interest for BWRs 
• Nodalized representation of the whole reactor 
• Specific models for pumps, separators, etc. 
TRAC-BFJ 
Application to: 
• LaSalle-2 
TRACG 
Applications to: 
• Selected Rod insertion transients 
• Plant stability data: LaSalle-2, Leibstadt, Forsmark 1, Cofrentes 

Tab. C-26 - Characteristics of TRAC codes, Refs. [4,132,4.133,4.134,4.135}. 
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