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Executive Summary 

The Principal Working Group No..2 on Coolant System Behaviour (PWG2) 
recommended to Thermal-Hydraulic System Behaviour Task Group (THSB-TG), 
with the approval of CSNI to take up the topic of Accident Management. 

An Accident Management Writing Group (AM-WG) was set up by THSB-TG, 
whose task was defined as follows: 

Identify generic plant states leading to core melt for pressurized water reactors 
(PWR) and find "possible approaches to Accident Management-Measures" (in 
this report abbreviated to "AM-Measures") to deal with them. 

In the absence of a generally accepted, clear cut definition, the Writing Group, 
whose members come from seven countries, each with a different understanding 
of what Accident Management is, agreed on and used the following common 
definition of Accident Management: 

Accident Management is defined as those actions taken during the course of an 
accident by the plant operating and technical staff to prevent core damage. 
This applies to the area of design-basis as well as beyond-design basis accidents. 

Based on this definition. Accident Management Measures are actions which serve 
to prevent core damage, to arrest any initiated core damage and to retain the 
core within the reactor vessel̂  maintain containment integrity for as long as 
possible and to minimize off-site releases for both design-basis and beyond-
design-basis accidents. 

The scope of thé AM-WG activities considered in this report covers beyond design 
basis accidents up to but excluding core damage i.e. when preventive rather than 
mitigative actions are taken. 

The PWRs under consideration have vertical U-tube steam generators, and the 
plants are considered to be operating at full power at the time when the accident 
occurs. 
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Eight PSAs from six different countries were examined to identify initiating 
events with a contribution to core melt frequency (CMF) higher than or equal, to 
0-5%. 

The above initiating events were then combined with hypothetical failures of 
individual safety systems to produce a matrix of 180 seguences of which 32 were 
determined to ultimately lead to core melt. The time histories of these sequences 
were analysed in detail in terms of thermodynamic and other parameters e.g. 
available sources of coolant. Every Writing Group member was allocated a certain 
number of sequences for which he used the data available from his country's 
PvVR. 

Each sequence was subdivided into 3-4 Plant State Intervals. To all Plant State 
Intervals (141 ) suitable accident management measures were allocated. As 
expected, different accident sequences contain identical plant state intervais. 
These were then "grouped" into Generic Plant State Intervals. ...-•-

When only thermodynamic parameters are used (4 were determined to be 
sufficient) to group plant state intervals, 14 Generic Plant State intervals were 
identified. These include all Plant State Intervals from thé sequences leading to 
core melt as defined above. The drawback of using only thermodynamic, 
parameters is that without identifying available resources, the most effective 
accident management measures are difficultto identify/Additional resources 
must be taken into account e.g. location and amount of available demineralized 
or boratéd water. Applying critical safety functions as a basis for defining these 
additional resource parameters, 16 (in case of SG-tube rupture 18) such 
parameters were found. Their use resulted in identifying 80 Generic Plant State 
Intervals (Fig. 7.4b and 7.4c). 

This result is not particularly surprising: employing a small number of parameters 
leads to a small number of Generic Plant State Intervals. When, however, AM-
Measures other than those that are general (such as "perform bleed 4- feed)" are 
to be used, the availability of resources which, of course, depend on the 
respective sequences must be known. For example, the availability of water in thé 
sump depends on whether it is a LOCA or an interfacing system LOCA. This 
requirement automatically leads to a larger number of parameters and thus to a 
larger number of Generic Plant State Intervals. 
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Although the Plant State Intervals leading to core melt originate from sequences 
of events (event oriented approach), the resulting Generic Plant State Intervals, • 
having been derived by employing Safety function parameters, can be considered 
as being independent of the originating event. They represent possible "plant 
states " which can lead to core melt when the safety systems required in a 
particular accident situation are not available or fail. 

The following AM-measures in the beyond-design basis area were identified as 
being suitable for preventing a core melt, provided they can be initiated and 
carried out within the appropriate time frame: 

- Secondary side bleed and feed 
Bleed: - main steam relief or safety valves 
Feed: - auxiliary feedwater pumps 

- depressurizing feedwater pipes and feedwater tank 
- mobile pumps , . 

-' Primary side bleed and feed 
Bleed: - pressurizer relief and/or safety valves 
Feed: - . HPiS , . 

- Volume control system 
- Accumulators 

• v : " • L P , S . 

- HPIS sump recirculation (in case of failure of LP-pumps) 

-•• Fast secondary side cooldown (exceeding design basis values) 

-• Recovery of electrical power (alternative e.g. standby service) 

- Initiation of RHR-system outside normal ranges 
(pressure, temperature, fluid level) 

- v Recirculation of sump water using HP-pumps 

- Isolation of the broken pipe (interfacing LÔCA) 

- Borating of the primary system 
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- Replenishing of water inventory in AFWT 

.. - Replenishing of water in RWST 

The above AM-measures are applicable in principle to ail investigated PWRs. 
However, each power plant must account for its individual reactor design and 
operational practice in determining the relative effectiveness of the measures. 
Every plant has to make its own provisions and provide specific procedures in 
their Emergency Operating Manual or Beyond-Design-Basis Operating Manual. 

Verification of the proposed AM-measures and confirmation of their relative 
effectiveness for Generic Plant State Intervals (allocation to Plant State Intervals 
of AM-mèasures has been performed) was not possible because of lack of 
continuous support of some countries. This step and application of the above 
methodology to the other operating states such as mid-loop operation or start up 
and shutdown should be the subject of future work/ 

The Generic Plant State intervals compiled in fig. 7.4 b and 7.4 c can be considered 
as an aid with the help of which existing AM-Strategies can be assessed and in 
some cases optimized. 

The methodology which was developed for PWRs with U-tube steam generators 
is equally applicable to PWRs with once-through steam generators, to WERs as 
weUastoBWRs. 
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Foreword 

The Task Group on Thermal-Hydraulic System Behaviour was given a mandate 

from the Principal Working Group No. 2 on Coolant System-Behaviour (PWG2) 

wi th the approval of CSNI to deal with the topic of Accident Management. 

In June 1989 the Task Group formed a Writing Group to carry out the work of 

producing a Catalogue of Generic Plant States leading to Core Melt in PWR's. 

This report and Appendix 1 is the outcome of work carried out by the Writing 

Group during the period 1990 - 95. The development of the methodology used to 

f ind Generic Plant States leading to Core Melt was carried out in the period 1990 

to mid 1993. 

The contribution of Dr. K. Wolfert and Dr. N. Aksan at the early stages of trjis task 

are gratefully acknowledged. 

The authors are also grateful to Dr. Eltawila for constructive comments at the 

draft stage of this report. 
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1. Introduction 

In the spring of 1989, the Principal Working Group No. 2 on Coolant System 
Behaviour (PWG2) with the approval of CSNi recommended that the Task Group 
on Thermal Hydraulic System Behavior (THSB) concern itself with the topic of 
Accident Management. At its meeting on June 19 - 21, 1989 the Task Group 
decided to set up a Writing Group which would tackle this topic. The task of this 
Writing Group was defined as follows: 

Identify generic plant states leading to core melt for pressurized water reactors 
(PWR) and find "possible approaches to Accident Management-Measures" (in 
this; report abbreviated to "AM-Measures") for dealing with them. 

The countries represented in the Task Group THSB were called Upon to appoint 
staff to handle this task. The position of the Chairman of the Writing Group was 
to be filled by Germany. 

The Writing Group thus set up, which was designated Accident Management 

Writing Group (AM-WG), comprised the following members: 

FRG 
Siemens AG/KWU 

Italy 
ANPA 
Agenzia Nazionale per la Protezione dell' 
Ambiente 

France -

Commissariat à l'Énergie Atomique 
Institute de Protection et de Surete 
Nucléaire DES/SEPRI) 

Japan 
Institute of Nuclear Safety (INS) 
Nuclear Power Engineering Corporation 

Mr. Harald Helf 
(chairman) 

Dr. Giovanni Bava 

Mr. Marc Champ 

Dr. TohruHaga 
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Mr. Duane J. Hanson USA 
EG & G Idaho, Inc. 
(From January '93) 

Mr. Heikki Holrnstrôm 

Mr. GunnarJung 

Finland 
Technical Research Centre of Finland 
(Until November 1990) 

Sweden 
Vattenfall Energiesystem AB 
(Until March 95) 

Mr. Rafael Mandl FRG 
Siemens AG/KWU 

Mr. Jaakko Miettinen 

Mr. Sam A. Naff 

(from May 1991 to June 1992 
and from July 94 onwards) 

USA 
EG & G Idaho Inc. 
(Until January 1993) 

Dr. Bernhard Putter 

Mr. MuneoTanaka 

FRG 
Geselfschaftfûr Anlagen-und 
Reaktorsicherheit GmbH (GRS) 

Japan 
Institute of Nuclear Safety (INS) 
Nuclear Power Engineering Corporation 

The members of the AM Writing Group (AM-WG), with one exception, represent 
countries or companies operating pressurized water reactors with vertical U-tube 
steam generators. Only the Finnish member represents a pressurized water 
reactor with horizontal U-tube steam generators (Loviisa). 

The work on which this report is based was carried out between November 1990 
and December 1995. During this period a total of eleven meetings were held. 
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2. Objectives 

On the basis of the requirements stipulated by the Task Group on Thermal 
Hydraulic System Behaviour (TG-THSB), a program was developed by the AM 
Writing group and agreed on with the Task Group (THSB) at its third meeting on 
14.-15. November 1991. 

This program is defined by the following steps: 

a) Give a definition of AM-measures. 

b) Use results of risk and safety studies from individual plants (PWRs) 
to classify system function failures with significant contribution to 
core damage frequencies (without measures in the beyohd-design-
basis accident area) or potentially high releases to the environment 
excluding those sequences with extremely low probabilities. 

c) Catalogue plant states based on actual parameters, parameters' 
evolution and systems involved. 

d) .... Catalogue "AM" strategies and measures as well ak parameters to 
be used. 

e) Reduce number of "AM" measures by application to groups of plant 
states 

0 Validate effectiveness and impact of "AM" measures. 
• • • . • • ' ' ' 

g) Check applicability of the identified "AM" measures to low- . 
probability, high-risk accidents. 

Step a) is performed first to ensure that the assigned task is consistently 
understood and can be appropriately implemented. Step b) is the primary means 
of finding a method for systematically and consistently accomplishing the steps 
c), d and e) for all PWRs with vertical U-tube steam generators. Steps f> and g) of 
this project involve an evaluation of the results obtained. 

Completion of the assigned task was performed in accordance with this work 
plan. 
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2.1 Definition of Accident Management and Accident Management 
Measures 

There is no consistent use of the term Accident Management within the nuclear 
community. In some countries Accident Management Procedures are actions 
taken only in the beyond-design basis stage of an accident. In others they are 
integrated with the operating procedures i.e. they coyer the area of design-basis 
accidents as well as those that proceed beyond-design-basis, including severe 
core damage. 

In the absence of a generally accepted, clear cut definition, the Writing Group, 
whose members come from seven countries, each with a different understanding 
of what Accident Management is, agreed on and used a definition of Accident 
Management as illustrated in Fig. 2.1. Here, Accident Management is defined as 
"those actions taken during the course of an accident by the plant operating and 
technical staff to prevent core damage". This applies to the area bf design-basis 
as well as beyond-design-basis accidents. 

On the basis of this definition. Accident Management Measures are such actions 
which serve 

to prevent core damage 
to stop any initiated core damage 
to retain the core within the reactor vessel, maintain containment integrity 
for as long as possible and 
to minimize off-site releases for both design-basis and beyond-design-basis 
events. . 

This definition of Accident Management had also been agreed on by PWG 2 and 
TG-THSB. The Senior Group of Experts on Severe Accident Mangement (SESAM) 
has also independently defined Accident Managment in its report on "Severe 
Accident Management prevention and Mitigation". A comparison between 
these two definition was found to be consistent (page 37, ref. i). 

All measures which serve to prevent core damage or core melt are classified as 
prevention. All measures which cope with molten core inside or outside of the 
reactor pressure vessel or to ensure containment integrity are classified as 
mitigation. 
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Due to the conservative nature of codes and standards, considerable design 
reserves are included in both the safety systems and operating systems. These 
reserves are deliberately exploited by using the safety and operating systems to 
their limits in AM-Measures for beyond-design basis conditions. 

The above accident management definition delineates the task of the Writing 
Group. Its work is iimited to prevention in the event of beyond-design-basis 
accidents which are characterized by loss of the existing safety systems. 
Mitigation is excluded, as fig. 2.1 shows. On the basis of this definition, the 
expressions "accident management" or "accident management measures", as 
used in this report indicate beyond-design-basis conditions without core damage 
according to the defined mandate of TG-THSB. 
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3. Methodology 

The AM-WG's scope of work was limited from the outset to PWRs. All members 
with one exception, represented countries operating PWRs with U-tube steam 
generators only. Therefore analyzing the behaviour of PWRs with once-through 
steam generators was considered to be beyond the scope of the group's work. 
The third type of PWR, namely the VVER, could also not be considered as the 
Finnish* member was unable to take part in the group's work between 1992 and 
1994. 

Even though PWRs with U-tube steam generators vary from vendor to vendor/ 
they display very similar thermohydraulic behaviour and processes, apart from 
minor differences, similar safeguard systems which are designed to fulfil identical 
functions. Enough common ground was found to compare thermodynamic data 
from different plants from various-countries and still produce results which are 
generally applicable to PWRs of this type. Therefore results and conclusions 
reached - in this report are valid in principle for all PWRs with U-tube steam 
generators, although time periods for avoiding emergency situations might be 
different depending on specific plant design. It is thé opinion of the Writing 
Group that the methodology used here is applicable to the other types of PWRs as 
wellastoBWRs. 

In what follows, the major steps taken by the group to fulfil the defined objecti
ves are described. Although the overall objectives could be met, it turned out that 
getting there was not as straight forward as envisaged by those defining the task. 
The use of results of risk and safety studies from individual plants to classify 
critical system functions with significant contribution to core damage frequencies 
is a casein point. v • 

3:1 Analysis of Available Probabilistic Risk Studies 

All of the countries represented in the Writing Group performed probabilistic risk 
analyses, which were discussed at the first and second meeting. 

* Finland is presently the only OECD country operating a VVER type of plant. 
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A comparison of the various piants with regard to the fraction of initiating events 
contributing to jntegral core melt frequency shows that these probabilities vary 
considerably. 

This is understandable when one realizes that the effects of Accident 
Management measures are already included in some of the risk studies and that 
human factors can not be taken into account in a uniform way. The French PSA 
aiso took into account operating states other than nominal power. But in this 
report only accidents.originating from nominal power operation are considered. 
Start up, shutdown and mid-loop operation will be possible subjects of future 
work; These operating states are listed in Fig. 3.1 

In summary, the following statements can be made: 
The percentage contributions of the individual initiating events leading to an 
integral core melt frequency are determined primarily by the structure and 
redundancy of the safety and operating systems, by the emergency procedures in 
place, as well as by the depth of detail in the analyses. The depth of detail is 
dictated primarily by the number of "Operating Plant States'1 and the number of 
initiating events considered. This yields a strong dependence on plant-specific 
characteristics and on the depth of detail of the probabilistic studies. 
In principle, the number of conceivable initiating events may be infinite. For the 
task at hand, it is necessary to limit the number of initiating events. Despite the 
strong plant- dependency of the conclusions from the probabilistic studies, they 
are used for limiting the total number of events. 

It is the opinion of the WG-members that in order to ensure that at least 90% of 
the possible accident sequences which lead to core melt are included in the study, 
all initiating events which contributed 0,5 % or more to the overall core melt 
frequency in at least one of the PSAs were included in further evaluations. The 
resujts are summarized in Fig. 3.2. The following initiating events which satisfy 
the above conditions were therefore included in the determination of accident 
sequences which lead to core melt. They are: 

Transients 
Transient caused by earthquake ^ 
Total Loss of Feedwater 
Station blackout 
Large B reaks in reactor coolant system 
Medium Breaks in reactor coolant system and pressurizer 
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Small Breaks in reactor coolant system, pressurizer and pump seal 
Small Break in the Reactor pressure vessel 
Single SG tube rupture •' 
Multiple SG tube rupture 
Steam line break 
Steam line break and SG tube rupture 
Loss of Component Cooling or Service Water Systems 
ATWS 

- Interfacing LOCA (small and medium) 
Annulus flooding . 
Boron dilution 

The initiating event "Loss of Component Cooling or Service Water Systems" can 
result in a reactor Coolant Pump seal failure and in consequential failures of 
safety systems. This sequence is therefore identical to a small break with Joss of 
more than one safety system. 

The initiating event "Boron Dilution" in operating state A (nominal power 
operation) has a contribution < 0,5 %-tô core ffieftfrecfuency for all operating 
plants. The only exception is the Italian Pressurized Unified National (PUN) 
reactor, whose probabilistic study was performëct in the design stage; for this 
specific sequence very conservative assumptions were made, causing the 
threshold criterion to be slightly exceeded. Therefore this sequence is not 
considered further in this report. \ h 

The initiated,event "Transient caused by earthquake", appearing separately only 
in one PSA, and the initiating event "Transients" will be treated as a single 
initiating event "Transients". 

The event ATWS will not be treated as an initiating event but as a system failure 
(failure of shutdown rods) and classified as shown in the matrix of fig. 3.3a. 

This results in a total of 15 initiating events being taken into consideration. 



3.2 Identification of Accident Sequences Leading to Core Melt 
> 

A further result of the probabilistic risk analyses considered is that plant 
conditions which lead to core melt can be characterized by an initiating event 
after which all trains of a relevant safety system fail. Combining the initiating 
events specified in Section 3.1, together with failures of safety systems permits 
the development of a concept which provides a systematic determination of 
those plant conditions which lead to core melt with any relevant probability. This 
is more or less independent of the plant specific characteristics of the PWR 
examined. 

A combination of the 15 initiating events specified jn Section 3.1 linked with the 
failure of individual safety systems results.in the matrix shown in Fig. 3.3a and 
3.3b, which contain, as a subset, the sought after accident sequences leading to 
core melt individual evaluation of all 180 accident sequences shows how these 
can be divided into 4 groups: 

1. Accident sequences judged to result in core melt with a contribution of 
> 0,5% to core melt frequency ./.''*,,-; 
(included in the study and characterised by a number). 

2. Accident sequences judged to result in core melt with a contribution of 
< 0.5 % to core melt frequency (defined as being hot dominant and 
therefore not included in the study and characterised by n.d.). 

3. Accident sequences which do not lead to core melt (characterised by 
n.c.m.). 

4. An irrelevant combination of initiating events and system failures, e.g. 
loss of LPIS on demand and Station Blackout (defined as not relevant 
and characterised by n.r.). 

32 accident sequences were identified which could be assigned to Group 1, i.e., 
which lead to core melt in the event of failure of the relevant safety systems. 
These are given in Fig. 3.4a-3.4-c. 

The matrix also indicates the limits of the method used. For example, the method 
applied here generally does not include any possible plant conditions which could 
arise as a result of the simultaneous failure of two safety systems. An exception is 
the case "Loss of Component Cooling or Service Water Systems" which can result 
in the loss of more than one safety system. However, possible consequential 
failures are considered. It is the opinion of the Writing Group that the method 
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used here can ensure that the identified sequences cover more than 90 % of all 
the known sequences initiated from operating state A (i.e. nominal power) which 
can lead to core melt. 

3.3 Description of Accident Sequences in Terms of Important Plant 
Parameters. 

Having identified the. relevant Accident Sequences the next step was to: 

determine the important parameters by which the state of the plant could be 
uniquely/ yet concisely, described as the sequence proceeds from the initiating 
event through the system failure to core melt. For this purpose the following 
terms were introduced: 

Initial and Boundary Conditions 

-.". Definitiont>ftheinitial event(e.g.smallbreakLOCA) 
List of the available and failed safety systems (e.g. HPIS, LPIS, aux. 
feedwater) relevant to the accident sequence. 

Plant State 
is described by a set of key thermodynamic variables that uniquely 
characterise the plant condition at selected (significant) 
points in time during an accident (e.g. primary and secondary pressures, 
primary coolant inventory, pressurizer inventory) 

Plant State Interval 
v is a period of time between two plant states. The time history of the 

identified Accident Sequences is plotted in graphical form in terms of 
the relevant thermodynamic variables. At significant points in time (3-4 
per sequence) plant states are marked off on the plot and the 
numerical values of about 9 thermodynamic variables are listed in a 
table. A detailed description of all 32 accident sequences is contained in 
Appendix 1. 
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3.4 Allocation of Accident Management Measures to Plant State intervals 

The concept of plant state interval is used, among other things, to select a range 
of plant conditions to which a particular Accident Management measure is 
applicable. 
Allocating AM-Measures to plant states is impractical as it would define only a 
very narrow window (time span) in which an AM-measure could be applied. 
Alternatively an extremely large number of plant states would have to bê  
defined to cover all plant conditions. With no more than four plant state 
intervals per accident sequence, a manageable number of plant state intervals 
can be combined with the appropriate AM-measurës. The proposed measures 
and their allocation to plant state intervals are shown in Appendix 1. 

3.5 Assessment and Feasibility of the Proposed AM-measures 

The ÀM-measùres which are allocated to Plant State Intervals are assessed in 
terms of the following criteria: 

- unique criteria for preparing arid initiating the proposed measures 

simplicity of the proposed measures 

potential for operator errors 

- possible negative influence on safety during normal operation and 

v design-basis accidents 

time required for preparing and carrying out the proposed measures 

The assessment and feasibility of the proposed AM-Measures are dealt with in 
chapter 6 

It is important to emphasize that before the proposed AM-measures can be 
converted into procedures for use in individual NPPs, the applicability to the 
specific plant has to be reviewed and confirmed. 
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3.6 Determination of Generic Plant State Intervals 

As shown in Chapter 3.3 a plant state interval is defined as the range of plant 
conditions between two plant states. A close look at the list of all identified plant 
state intervals reveals that there is a considerable overlap i.e. the same plant 
state intervals appear in more than one sequence. This is not unexpected 
because, for instance, the early or late stages of many accidents are identical. To 
avoid unnecessary duplication of plant state intervals the concept of 
generic plant state interval was introduced. 

Generic Plant State interval (GPSI) 

As expected, different accident sequences contain identical plant state intervals. 

A GENERIC PLANT STATE INTERVAL is a plant state interval which represents all 
those plant state intervals (from ail accident sequences) which are considered as 
being identical. 

3.7 Allocation of AM-measures to Generic Plant State Intervals 

The Generic Plant State Intervals as defined above originate from sequences 
which lead to core melt unless preventive Accident Management measures are 
taken.The task here is to propose possible approaches for ÀM-measures which 
possess the potential to prevent core melt, and to allocate them to the generic < 
plant state intervals. 

However in order to be able to allocate appropriate AM-measures to the generic 
plant state intervals additional information must be made available. It was found 
that the minimum number of such parameters can be determined by using the 
criteria for critical safety functions. Generic Plant State intervals, the required 
additional parameters and their treatment are the subject of chapter 7. 
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4. Description of Accident Sequences leading to Core Melt 

4.1 Assumptions and Boundary conditions 

Based on the approach described in chapter 3.3, a list of the accident sequences is 
given in figures 3.4a to 3.4c and is described in compact form in Appendix 1 
(Detailed Descriptions of Sequences Leading to Core Melt). " / 
These are based on existing accident analyses, oh new analyses carried out by 
members of the AM-WG and, where this was not possible, by using "Engineering 
judgement". The accident sequences are described by using only a few important 
characteristic parameters, the sequences progression does not take into account 
AM-measures in the beyond-design-basis area. The description of the 
characteristic parameters in the form of Plant States and Plant State Intervals is 
independent of a specific time scale which makes it applicable to a variety of 
designs. 

The way to combine initiating events with system failures shown in Fig. 3.3a 
(Matrix of Initiating Events combined with System Failures) does not rigorously 
distinguish between "short-term" and "long-term" behaviour with respect to 
system failures. The sequences and AM-measures described in this report cover 
time spans of hours rather than days, weeks or months. 

The accident sequences considered assume an emergency power mode of 
operation so that credit is taken only for systems supplied with emergency power. 

4.2 Assignment of AM-measures to Plant State Intervals 

After identifying the plant condition as being critical (which is possible for almost 
all thé sequences in the first Plant State Interval) AM-measures are assigned, to 
each successive Plant State Interval. A short description is presented and the AM-
measures are summarized in a table. Although applicable and effective with the 
given Plant State Interval, the bracketed AM-measures are only an alternative to 
the proposed AM-measures for the given Plant State interval. Measures taken to 

" - * • 

. repair components or recover failed systems are not discussed here as they are 
taken for granted and are also extremely plant specific. 
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To carry out AM-measures, particularly those that are normally manual tasks, 
there must be sufficient time available. The fact that these accident sequences are 
described without giving a precise time scale has already been mentioned; the 
assignment of the A ̂ measures to the Plant State Interval assumes that sufficient 
time is given for personnel to carry out the proposed AM-measure. If one wants 
to consider implementing the proposed AM-measures at a particular plant, plant 
specific hardware and procedures have to be taken into account and the whole 
process confirmed. Thus the proposed AM-measures can only be considered as a 
list of suitable options (given the state of thé plant) to avoid an impending core 
melt. 

4.3 Definitions 

To provide consistent treatment of accident management, it is beneficial to have 
a common understanding of basic terms. Définition of the most important ones, 
as used for the purposes of this chapter, are given below: 

More detailed information on these définitions: can be found in the state of the 
art report on Thermohydraulics of Emergency Core Cooling in light Water-
Reactors (page 37, ref. 2). 

Transients: AH sequences with intact primary and secondary boundaries 
other than Station^lackout and Total Loss of Feedwater. 

Total loss of ' 
Feedwater: All sequences which lead to a loss of all available feedwater 

.systems.. This includes the steamdriven and directly diesel 
operated emergency feedwater systems. 

Station-Blackout: The total loss of designed electric energy supply apart from 
battery powerd AC and DC systems. 
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Primary leak size (see fig. 4.1 ) 

SMALL BREAK LOCA: 
Rupture of the reactor coolant system of such a size that scram occurs and 
without an additional heat sink * the residual decay heat cannot be 
removed by the leakage of coolant alone. The pressure tends.to stay near 
the pressurizer relief valve setpoint 

MEDIUM BREAK LOCA: 
Rupture of the reactor coolant system of such a size that without an 
additional heat sink * the pressure tends to remain between. the 
pressurizer relief valve setpoint and Low Pressure Injection System (LPJS) 
shut off head. After an. initial transient the system tends to stay in a 
stationary state with the residual heat'removed by leakage through the 
break. The system pressure response depends on the break size. 

LARGE BREAKLOCA: 
Rupture of the reactor coolant system of such a size that the pressure 
drops below the LPIS shut off head. ' 

INTERFACING LOCA: 
An event allowing Reactor Coolant System (RCS) fluid to go directly into 
compartments outside containment, or to enter low pressure systems 
resulting in a LOCÂ outside of containment. This coolant is then 
unavailable for sump operation. ; 

* (Additional heat sinks include secondary side opération, pressurizer relief 
or injection of sùbcooled coolant to thé primary) 
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5- Allocation of Appropriate AM-Measures to Plant State 
Intervals 

As discussed in section 4.2, accident management measures were assigned to 
plant state intervals based on an assessment of (a) the magnitude and trend of 
the system parameters and (b) the state of the system hardware (e;g., break 
location, operational pumps, etc.). The assigned AM-measures could generally be 
categorized as follows: 

Primary system heat removal using primary system bleed and feed 

Primary system heat removal using secondary system bleed and feed 

Primary system heat removal using fast secondary cooldown 

Primary system heat removal using the residual heat removal system with 
off-nominal parameters (pressure, température) : ' t-

- Electric power recovery 

Recirculation of sump water using HPI-pump 

Reactivity control using boron injection into the primary system 

Control of fission product dispersion and primary system inventory by 
isolating primary system breaks within the auxiliary building 

- Restoration of water inventory to AFWT 

Restoration of borated water inventory to RWST 

Primary system bleed and feed and secondary system bleed and feed are the most 
frequently specified AM-measures as interruption of the primary system heat 
removal is the precondition for an accident to progress beyond-design-basis 
conditions. Recovery of electric power is also frequently specified because this is 
an initiator for many beyond-desigh-basis accidents. 

Most of the identified AM-measures require manual actions using equipment 
that is not normally considered to be "safety grade equipment". For example, for 
some plant state intervals safety system injection pumps are not available so 
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feeding water to the primary system requires the activation of the volume 
control system pumps. Similar conditions exist for secondary system feed when 
alternate pumps and alternate water sources are needed to supply the water 
necessary to remove energy from the primary system. Also, flexible usage of 
safety systems is envisaged. The possibility of taking suction from the sump using 
the high pressure injection system is a typical example of securing long term core 
covering after failure of the low pressure injection system. 
The possible approaches of AM-Measures in this report does neither restrict to 
the present proposals only nor excludes other approaches applicable of different 
designs, The application of the mentioned AM-measures to an actual plant 
requires those measures to be carefully assessed and validated by the plant. 
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6. General aspects of Proposed AM-Measures 

Individual nuclear power plants could review the proposed AM-measures and 
select those that would be applicable for their accident sequences. A plant 
specific assessment of the feasibility and effectiveness of these selected AM-
measures should then be performed to determine the extent to which they 
reduce the integral core melt frequency. Initially information should be 
developed to provide a basis for detailed analyses with phenomenological based 
computer codes. The following should be included: 

• • * \ . ' • . 

Criteria that specify which of the proposed AM-measures should be 
implemented and the conditions that define when preparations must 
begin and when the measures must be implemented. 

Actions that must be taken by plant personnel and the availability of 
people with the proper skills and abilities to implement these actions. 

Information that is required to select implement, and. monitor the 
effectiveness of the.proposed AM-measures. Also, a determination of the 
capability of the plant instrumentation to provide this information. 

- Special system configurations or equipment that are needed for proper 
implementation of the proposed measures including their capability to 
operate successfully under potentially harsh or extreme operating 
conditions. 

An estimate :6f the time required for identifying, preparing, and 
implementing proposed .measures based on all of the information 
gathered. 

The initial information obtained should be used to develop input for computer 
analyses to assess the capability of the selected AM-Measures to prevent core 
.damage. In addition, experiments to verify computer codes and/or AM-Measures 
maybe necessary. For those measures that a rejudged to be feasible for the plant; 
an evaluation of their effectiveness in reducing core melt frequency should also 
be performed. Advanced risk evaluation and human reliability tools should be 
used to ensure the impacts of AM-measures are properly understood. The 
following should be considered in this evaluation: 
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The likelihood that operating personnel can successfully Implement the 
measures. * * 

The simplicity of the measures in terms of operator actions equipment 
used, and the capability of the analytic models to simulate the accident 
and strategy related phenomena. 

The likelihood of interference with normal plant operations as well as 
with the initiation and operation of safety systems during, design basis 
accidents. 

The amount of training and validation that will be necessary to ensure 
that operations personnel will have a high likelihood of success. 

33 



7- Determination and Evaluation of Generic Plant State 
intervals 

7.1 Definition of Plant Parameters 

Generic Plant State Intervals can be described with sufficient precision only when 
appropriate plant parameters are employed. Which plant parameters are to be 
used is determined by considering the criteria for critical safety functions, (or 
safety objectives). For every critical safety function, there are corresponding 
system functions and, from these two, the appropriate (thermodynamic) plant 
parameters can be derived (see Fig. 7.1). Several of these plant parameters, 
namely primary pressure and inventory, secondary pressure and inventory as well 
as the RPV outlet temperature have to the subdivided into ranges. Others are 
described by binary descriptors such as normal/high or yes/no. 

In order to allocate AM-measures to the Generic Plant State Intervals, further 
\ plant parameters (in addition to the thermodynamic variables used to define 

plant states, chapter 3.3) have to be specif jed such as the availability and location 
(storage tank or sump) of borated water 

7.2 Selection of Plant Parameter Ranges 

7.2.1 Primary Pressure (see Fig. 7,2) 

~ Pressure range 1 Pressure higher or equal to setpoint of 
pressurizer reiief valves 

Pressure range 2 Pressure between setpoint of pressurizer 
relief valve and setpoint of Main Steam 
safety/relief valves 

Pressure range 3 Pressure between setpoint of main Steam 
safety/relief valves and design pressure of RHR-
System 
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Pressure range 4 Pressure between design pressure of RHR-System 
and shut-off head of LPi-System 

Pressure range 5 Pressure at or below shut-off head of LPl-System 

7.2.2 SG-Pressure (see Fig. 7.2) 

- Secondary Pressure range 1 Pressure higher than setpoint of MSSV 

Setpoint of Main steam 
safety Valve , ' • Set. P. MSSV 

Setpoint of Main steam 
Relief Valve Set. P. MSRV 

- Secondary Pressure range 2 Pressure between .setpbint of Main steam 
Relief Valve and 1 bar 

7.2.3 Water Inventory Reactor Pressure Vessel (see. Fig. 7.3) 

RPV-Level = 100% 
<100% 

core uncovered 

7.2.4 Water Inventory Steam Generator (see Fig. 7.3) 

SG-Level T overfilled 
- min < level < overfilled 
- < min (heat transfer primary -* secondary 

becomes degraded) 
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7-2.5 Reactor Pressure Vessel Outlet Temperature 

RPV-temperature outlet - subcooled 
- saturated 
- super-heated 

7.3 Further Parameters to be taken into account 

Plant Parameters 
Power - X% : 

- decay heat 
Containment Pressure - normal/high 
Secondary Activity - No/Yes 
Activity outside Containment - No/Yes 
Voltage of all non battery 
buffered systems - No/Yes (No-^Station blackout) 
SumprLevei - No/Yes 
RWST-Leveî - max/min/decreâsing 
AFWT-Level , - max/min/decreàsîng 
Nuclear Aux. Building Water- Level - No/high 
Nuclear Aux, Building Temp. - normal/high 
Boron concentration -
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7.4 Determination of Generic Plant State Intervals (GPSI) 

By using the selected plant parameters, the previously described 141 Plant state 
Intervals (PSI) are summarised (see Appendix 1) in such a way that repeated plant 
state intervals are disregarded. The remaining ones are the sought after Generic 
Plant State intervals (GPSi). 

The descriptions of the GPSI were chosen in such a way as to enable the reader to 
recognize the typical accident category from which the GPSI mainly originated. 
The GPSI which originate from accident sequences where by the primary side 
pressure boundary remains intact are denoted by the letter "A". Accident 
sequences where the primary side pressure boundary is breached, are denoted by 
the letters "B", "C", "D". If a primary side break occurs within containment, the 
GPSI are identified by the letter "B" and those accidents where a break is located 
in auxiliary systems connecting to the primary system are identified by the letter 
"C". The letter "D"; is used to denote accidents where SG tube rupture is present. 
To adequately describe the GPSI "A", "B", and "C", 16 plant parameters were 
necessary, of which 5 were subdivided in up to 5 ranges, resulting in a total of 29 
criteria. For a complete description of the accidents involving SG tube rupture 
(class "D" GPSI), 18 plant parameters and 36 criteria were required in order to 
include the effect of the defective steam generator. 

Due to the large number of selected parameters it is understandable that from 
141 PSI, no fewer than 80 GPSI could be identified. Through a further reduction in 
the number of the plant parameters it is, of course, possible to further reduce the 
number of GPSI. 

A parametric study showed that by reducing the selected parameters to 9 while 
keeping the original number of parameter ranges, one obtains 18 criteria and a 
total of 57 GPSI. By selecting only the four most important thermodynamic 
parameters i.e. RPV-inventory and pressure, SG inventory and pressure (only the 
defective SG inventory and pressure in the case of SGTR) and reducing their 
associated ranges to two each, the result is 8 criteria and 14 "composite GPSI". 
The result of this procedure is shown in Fig. 7.4a where they have been 
designated by the numbers 1-14. The new combination of ranges allocated to the 
plant parameters of the "composite GPSI" is given in lower part of the Fig. 7.4a. 
Shown in brackets are the original ranges used in Fig. 7.4 b/c. Each of the 
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"composite GPSI" has been allocated those GPSJ from Fig. 7.4 b/c which match 
the same combination of ranges. 

Analysis of the GPSI reduction process shows that this would lead to a much less 
accurate description of the GPSI, which in turn would increase the difficulty in 
selecting appropriate "AM-measures". 

Since the ultimate aim of the report is the allocation of AM-measures, it is 
considered appropriate to keep those 16 selected parameters (18 in the cases of 
SGTR) and their associated ranges. 

A detailed/description of the GPS1 can be found in Fig. 7.4b and 7.4c. Listed in the 
first column are the plant parameters by which the respective GPSI are 
characterized. Those parameters which are shaded black represent challenges to 
the safety functions. The multiple, long term actuation of the primary safety 
valves as well as the secondary side main steam relief valves (MSRV) and main 
steam safety valves (MSSV) has been emphasized. The multiple, long term 
actuation of these valves is an early indication of a challenge to the safety 
functions. The lack of borated water in the sump or in the flooding tank as well as 
a lack of demineralized water in the RWST have also been highlighted as they 
have considerable influence upon the selection of potential AM-meàsùrés.; 

For the plant parameter "Boron concentration" insufficient data have been 
available: To evaluate thé influence of this parameter it would be necessary to 
revise the accident sequences. Under the present report constraints this is not 
possible. However if further work is carried,out on this project, this parameter 
must eventually be evaluated and included. 

One of the main objectives of this work was to confirm the applicability and 
effectivness of the state-oriented approach to accident management in the 
beyônd-design basis area using the concept of Generic Plant State Intervals. These 
represent a large number of plant-states leading to core melt and must, of 
course, originate from analyses of postulated events. 

Although the resulting Plant State intervals leading to core melt originate from 
sequences of events (event oriented approach) the resulting Generic Plant State 
Intervals, having been derived by employing safety function parameters, can be 
considered as largely independent of the originating events. 
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The GPSI summarized in Fig. 7.4b and 7.4c apply, with a certain degree of 
probability, to all PWR's with U-tube steam generators, on the assumption that 
during the accident sequence no AM-measures are carried out. The applicabil.ity 
of a GPSI to a particular plant depends upon the specific plant design. 

7.5 Evaluation of Generic Plant State Intervals (GPSI) 

One of the objectives of this work was to describe the Generic Plant State 
Intervals (GPSI) such that without knowing the cause of the accident the risk 
potential can be recognized and appropriate " AM-measures " identified In order 
to avoid core melt. For the majority of the selected GPSI (70, of 80) this is indeed 
possible as à definite challenge to safety functions identifies an accident 
condition, and there is enough information present to recomrnend appropriate 
"AM-measures ". 

In ten of. the ; eighty GPSI, the safety functions are not challenged early in,the 
accident (they are indicated by*). Since the safety function is not challenged until 
much later, the potential risk may not bë recognized for a long period of ilrtië. 
For example, upon closer analysisof GPSI "*A3" and "*A4" it can be; seen that 
only late in the accident sequence, after depletion of the derhineraiized water in 
the AFWT, does a challenge to the safety function occur (SG-Level < min). 
Although the safety function is not challenged for some time, if the potential 
consequence of the initiating event can be identified early (in the case of *A3 the 
initiator is the loss of the complete main steam relief capability) appropriate AM-
measures can be started early in the accident. Only by identifying the initiating 
events for those GPSI marked with an *can the risk potential be appreciated early 
in the accident and .AM-measures initiated quickly. It is important to recognize 
that when it is not possible to deduce the cause of the accident for these GPSI, the 
plant is not in danger while the safety functions are not challenged. However, 
valuable preparation time for appropriate AM-measures is lost. 

The Generic Plant State intervals compiled in fig. 7.4b and 7.4c can be considered 
as an aid with the help of which existing AM-Strategies can be tested and 
assessed. To determine the probability of a particular GPSI occuring, it is always 
necessary to employ the specific PSA of the nuclear plant in question. 
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Arranging the GPSI into different primary pressure ranges (Fig. 7.5) shows that 48 
of the 80 GPSI fall within the high-pressure range, 19 within the mid-preslsure 
range and 13 within the low-pressure range. In the mid-pressure range, the GPSI 
are mainly those where SG-tube rupture occurs. The large number of GPSI within 
the high-pressure range is not surprising as has been shown by previous 
investigations. 

By examining more closely the criteria defining the risk potential of the GPSI, the 
RPV-level, core exit temperature and the SG-levei are of particular interest. In the 
case of the SG-ievel not only knowledge of level < min but also of level > max is 
of importance. 

It is the opinion of the Writing Group members, that for PWRs with U-tube type 
steam generators/the selected "Generic Plant State Intervals" cover at least 90 % 
of the possible plant states originating from full power operation and leading to 
core melt. 

7.6 Allocation ofAM-Measuresto Generic Plant State Interval 

A start was.made to allocate the AM-measures to those 80 identified GPSI. 
However, given the fact that the AM-WG final réport had to be completed by the 
end of 1995, it was beyond the capabilities of the Writing Group to complete this 
task in the available time. 
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8. Summary and Conclusions 

Accident Management has been defined bythe WG-members as any action taken 
in order to prevent core melt or at least to mitigate its consequences in the course 
of design-basis and beyond̂ -design-basis accidents. The scope of the WG-work has 
been "preventive AM " in Pressurized Water Reactors (PWRs) in beyond-design-
basis accidents, initiated at full power. The selection of initiators is based upon 
the results of PSA- and Risk-studies performed in the member countries. Events 
with a contribution >: 0.5%, in at least one ofthe PSA, to the global core melt 
frequency was taken into consideration. For all considered sequences Loss of 
Offsite Power and one independent failure of a complete safety system has been 
assumed. Consequential failures have been taken into account 

From a matrix of 15 initiating events and 12 system failures i.e. from 180 
possibilities, 32 event sequences have been identified as leading to core melt. 
Each sequence has been divided into characteristic plant state intervals according 
to safety function challenges. In this way 141 characteristic plant state intervals 
have been defined. The plant state intervals are described by plant parameters. 
At least 16 (in case of SG-tube rupture 18) plant parameters are necessary to 
clearly define a plant state interval with regard to challenges and available 
resources for AM-measures. Because of the large number (16/18) of plant 
parameters the number of GPS) could only be reduced to 80. 

The number of describing plant parameters and generic plant states can be 
essentially reduced, if only challenges to safety functions such as "core 
cooling " are desired: In this case not more than 4 plant parameters are 
needed; Four plant parameters lead to only 14 generic plant states. But, 
besides the indication of a safety function violation, the four plant 
parameters do hot give any information about the available resources for 
AM-measures, which is very important in selecting the most effective AM-
Measures. 

For each of the 141 plant state intervals the members of the Writing Group made 
proposals fqr AM-measures. Though the efficiency of the proposed AM-measures 
have not been validated for any particular plant, it seems, that secondary and 
primary feed & bleed are measures which can be used in most of thé plant state 
intervals to prevent core melt. Some strong indications for further improvements 
of AM-measures and AM-procedures are given in a table of plant states and 
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the 16 plant parameters. Suitable criteria for some GPSI would help initiate AM-
measures much earlier in the accident which would reduce the risk of additional 
events that lead to core damage. The GPSI most strongly influenced are those 
affected by containment bypass or small leaks combined With a total loss of 
controlled steam release. (Water resources or pumps may not be available 
because all stored borated or demineralized water could be exhausted and 
pumps may not be recovered in time.) This is an important result of the 
evaluation. 
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9. Outlook 

As a result of the work performed for this report, the following topics can be 
proposed for future work in the AM-Prevention area: 

Allocation of possible AM-Measures to Generic Plant State intervals 
including suitable criteria for their initiation. 

Operating states other than full power conditions should be evaluated. 

The methodology should be applied to VVERand BWR plants. 
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Operating Plant States Taken into Account 

State 
(No. of days p.a.) 

State A 
312 days 

State B 
2 days 

State C 
11 days 

State D 
19 days 

State E 
9 days 

State R 
12 days 

Pressure Temperature 

p > 139 bar 
T>284°C 

139 bar < p<30bar 
177 0C<T<284°C 

p<30bar 
t < 1 7 7 0 C 

P = 1 " ' 
T<90°C 

P = 1 
T<60°C 

Same as State E without 
fuel element in the vessel 

Remarks 

• Operating state 
(i.e. nominal power) 

/ • . 

# Primary circuit closed 
• Use of RHRS 

• Primary circuit open 
• tow water inventory 
• Use of RHRS 

• Pool filled with wat ar 
• Use of RHRS 

Fig. 3.1 Operating Plant States of 900 M We 
(Example from a French PWR) 
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1. 

La 

1.b 

1.c 
1.di 
1.d2 

l.e 

2. 

2.a 

2.b 

2.c 

3. 

3.a 

3.b 

3.c 

TOTAL LOSS OF FEEDWATER 

during a transient 
(due to internal/external hazards 
f i re, earthquake, airplane crash ...) 

w i th a SMALL BREAK (primary) 

w i th a break on the secondary 
w i th SG tube rupture 1 tube 
wi th SG tube rupture ÎÔ tubes 
Annulus flooding during à Transient 

LOSS OF HIGH PRESSURE INJECTION ON DEMAND 
following: 

SMALL LOCA, reactor coolant loops 

SMALL LOCA, vessel 

MEDIUM LOCA ; ! -

LOSS OF LOW PRESSURE INJECTION ON DEMAND 
following: 

SMALLLOCA 

MEDIUM LOCA.",'.'; 

LARGE LOCA 
- • „ , — ; ,...-.,;, ' ,.- . . . . „ , ' 

ACCIDENT SEQUENCES LEADING TO CORE MELT 
List of Accident Sequences Grouped in Terms of System 
Failures in Connection with Initiating Events 

Fig 3.4a 

50 



4. 

4.a 

4.b 

4x1 

4x2. 

5. 

5.a 

5.b 

5 x "•'•:";'••: 

6.. , 

6.a -.']]. 

6.b 

6x 

6.d1 

6 d 2 

LOSS OF CONTROLLED SECONDARY SIDE STEAM RELIEF 

DURING A TRANSIENT 

in case of SMALL LOCA 

in case of SG-Tube Rupture 1 tube 

in case of SG-Tube Rupture 10 tubes 

LOSS OF RHRS HEAT EXCHANGER SUMP WATER SUCTION 
OR CONTAINMENT COOLING FOLLOWING: 

SMALL LOCA 

MÉDIUM LOCA 

LARGE LOCA 

STATION BLACKOUT with: 

Total Loss of Feed Water ; 

Stuck open secondary side safety valve(s) 

Small Break on the primary 

SG-Tube Rupturel tube 

SG-Tube Rupture 10 tubes 

ACCIDENT SEQUENCES LEADING TO CORE MELT 
List of Accident Sequences Grouped in Terms of System Failures in 
Connection with Initiating Events 

Fig.3.4b 
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7. 

7.a 

8. 

8.a 

8.b 

9. 

9.a 

9.b 

9.c 

10 

10a 

10 b 

FAILURE OF SHUTDOWN RODS (Failure to Scram) 

TotaI loss of feedwater 

FAILURE OF HIGH PRESSURE INJECTION SHUTDOWN 
during: 

SG-Tube Rupture 1 tube 

SG-Tube Rupture 10 tubes 

FAILURE OF SG ISOLATION during: 

SG-Tube Rupture 1 tube 

SG-Tube Rupture 10 tubes 

Steam Line Breakoutsidê of Containment followed by 
SG-Tube Rupture -

Loss of Containment Isolation w i th : 

Pipe break (small) of interfacing system outside 
containment 

Pipe break (medium) of interfacing systems outside 
containment 

ACCIDENT SEQUENCES LEADING TO CORE MELT 
List of Accident Sequences Grouped in Terms of System Failures in 
Connection with Initiating Events 

Fig. 3.4c 
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20 % - SS8Ç 

0% 

pressurizer safety 
vaives setpoînt 

.*-...u.^g-~~i p ^ - A - J * » . U L" . J I. L .. 1 1 1 1 

»ii ' y n M I i i if. ' iiif%i..-friii..:..M., fvv^i i i ^ . to^ i iiiïf. »airiiSBfoMliii'irfrlyy' 

time 

Definition of break sizes Fig. 4.1 
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Safety Objective 

Subcriticâlitv 

^ ' t -

Core coolinq 
- Core inventory 

- Primary Pressure Control 

- Heat Removal 

Reactivity Retention 
- Containment Integrity 

- Steam Generator 
Integrity 

- Primary Side Integrity 

Availability of additional 
Utilities 

System Function 

Scram> Boration 

Primary water injection 

Make Heat sink available 

- Containment isolation' 
-. Heat Removal from 

Containment 

- Steam Generator 
Isolation 

- Closure of valves 

Electrical power supply 

Component-cooling 

Plant-Parameter 

- Core Power 
- Boron-Concentration 

- RPV-lnventory (3 ranges) 
- RPV-Outiet-Temp. (3 ranges) 
- Sump-Level * 
- RWST-rLevel* 

- RPV-Pressure (5 ranges) 

.- SG-Pressure (4 ranges) 
-'• SG-Level (3 ranges} 
- AFWT-Level* 

—• Containment Pressure . 
• • i • - \ 

- Activity at Secondary 

- Activity outside containment 
- Nuclear Auxiliary Building * 

Level 
- Nuclear Auxiliary Building * . 

Temperatur 

- Voltage of all non-battery 
buffered systems 

* required for AM-measures 

Definition of Plant - Parameters Fig. 7-1 
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Primary Pressure Ranges 

Range 1 

Range 2 

Range 3 

Steam Generator Pressure 
Ks A 
[bar] [ 

Range 1 

Set. P. MSSV 

Set. P. MSRV 

Range 2 

Parameters to be used for defining 
Generic Plant State Intervals 

5 5 

Fig. 7.2 



Steam Generator Level 

I Level < min 

min < Levé) < overfilled 

overfilled 

RPV - Level 

RPV = 100% 
<100% uncovered 

Parameters to be used for defining 
Generic Plant State Intervals Fig. 7.3 
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Appendix 1 

Detailed Description of Sequences 
Leading to Core Melt 
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Content 
• . " " . • - • ' . — — — - • ' • — 

4.1 Total Loss of Feedwater 

4.1a during a Transient 
(due to internal/external hazards 
fire, earthquake, airplane crash..-..) 

4.1b with a SMALL BREAK (primary) 
4.1 c • with a break on the secondary 
4.1 d 1 with SG-Tube Rupture (1 tube) 
4.1d2 with.SG-Tube Rupture (10 tubes) 
4.1.0 Annulus flooding during a Transient 

4.2 Loss of High Pressure Injection on 
Demand 

4.2a SMALL LOCA, reactor coolant loops 
4.2b SMALL LOCA, vessel 
4,2c " MEDIUM LOCA 

4.3 Loss of Low Pressure Injection on 
Demand 

4.3a SMALL LOCA 
4.3b MEDIUM LOCA 
4.3c LARGE LOCA 

4.4 Loss of Controlled secondary side steam 
Relief 

4.4a during a Transient 
4.4b in case of SMALL LOCA 
4.4c1 in case of SG-Tube Rupture (1 tube) 
4.4c2 in case of SG-Tube Rupture (10tubes) 

4.5 Loss of RHR heat exchanger sump water 
suction or containment cooling 
following 

4.5a SMALL LOCA 
4.5b MEDIUM LOCA 
4.5c LARGE LOCA 

4.6 Station black out with 
4.6a Total Loss of feedwater 
4.6b Stuck open secondary side safety valve(s) 
4.6c SmaflBreak on the primary 
4.6d1 SG-Tube Rupture (1 tube) 
4.6d2 SG-Tube Rupture (10 tubes) 

Contributed by 

Germany 

Germany 
Germany 
Germany 
Germany 
Germany 

France 
France 
France 

Sweden 
Sweden 
Sweden 

Japan 
Japan 

Germany 
. Germany 

USA 
USA 
USA 

Italy 
Italy 
Italy 
Italy 
Italy 
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4.7 Failure of shutdown Rods 
(Failure to Scram) 

4.7a Total loss of feedwater 

4,8 Failure of high pressure injection 
shutdown during 

4.8a SG-Tube Rupture (1 tube) 
4.8b SG-Tube Rupture (10 tubes) 

4.9 Failure of SG Isolation during 

4.9a SG-Tube Rupture (1 tube) 
4.9b SG-Tube Rupture (10 tubes) 
4.9c Steam Line Break outside of Containment 

followed by SG-Tube Rupture 

4.10 Loss of Containment Isolation with 

4.î 0à Pipe break (small) of interfacing systems 
4,10b Pipe break (medium) of interfacing systems 

outside Containment 

. . : 
Contributed by , 

France 

Germany 
Germany 

Germany 
Germany 
France 

Italy 
Italy 
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Indroductïon 

in appendix 1, the 32 defined accident sequences that can lead to core melt have 

been described in détail. Each of the individual accident sequences has been 

described using the same method. The descriptions have been structured in the 

foiiowing way: 

Initial and Boundary Conditions 
Available Safety Systems 
Description of Plant States and Plant State Intervals 
Plant State and Associated Parameters of Accident Sequences 
Description of AM-Measures Applicable to Plant State intervals 
Table of AM-Measures Applicable to Plant State Intervals 

The working out of all the 32 accident sequences leads to a definition of 141 Plant 
State Intervals (PSI), which are thereafter summarised to give the Generic Plant 
State Intervals (GPSi). The parameters used to determine the PSI were mainly 
thermodynamic parameters, such as primary and secondary pressure, 
temperature and inventory, describing the state of the primary side as well as the 
secondary side. The AM-Measures allocated to the PSI were of general nature i. e. 
where primary or secondary bleed and feed was recommended no description of 
the resources (where exactly the water for the feed was to come from) was given. 
However, when AM-Measures for the GPSI were considered it was realised that 
the availability of resources is also an important "plant parameter" - not so much 
as to describe the state of the plant but to enable practicable AM-Measures to be 
selected. Therefore the original thermodynamic parameters used to determine 
PSI were supplemented by additional plant parameters, such as activity at the 
secondary and outside of containment and the water level of the sump. 

The final selection of GPSi from PSI is based on the enlarged set of parameters i.e. 
thermodynamic and plant parameters. The reduction of PSI to GPSI is shown in 
figures 7.4b and 7.4cr in which the resulting 80 GPSI, the main result of the 
group's work, are listed. 
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Abbreviations 

aff. affected 

AFW Auxiliary Feed water 

AM Accident Management 

appr. approximately 

CHP Combined. Heat and Power 

CST Auxiliary Feedwater Tank 

CVCS Chemical and Volumes Contrai System 

EÇC Emergency core Cooling 

HPI High Pressure Injection 

HPIS High Pressure Injection System 

int. intact 

LOCA Loss of Coolant Accident 

LPI Low Pressure Injection 

LPS Low Pressuré Safety 

LPIS Low Pressure Injection Safety 

min minutes 

MSIV Main Steam Isolation Valves 

MSL Main Steam Line 

MSLB Main Steam Line Break 

MSRV Main Steam Relief Valve 

MSSV Main Steam Safety Valve 

PORV Ppwer operated Relief Valves 

prim, primary 

PR2 Pressurizer 

PS Plant States 

PSI Plant State Intervals 

PWR Pressurized Water Reactor 

RCP Reactor Coolant Pump 

RCS Reactor Coolant System 

recirc. recirculating 

sec. secondary 

RHR Residual Heat Removal 

RHRS Residual Heat Removal System 

RPV Reactor Pressure Vessel 

RWST Refuelling Water Storage Tank 

SBLOCA Small Break Loss of Coolant Accident 
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SBO Station Blackout 

SG Steam Generator 

SGTR Steam Generator Tube Rupture 

SI Safety Injection 

TBV Turbine bypass valve 

temp, temperatur 
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4.1 Total Loss of Feed water 

4.1a . during a TRANSIENT 

(occuring from internal/external hazards, fire, 

earthquake, airplane crash...) 

4.1b with a SMALL BREAK (primary} 

4.1c with a BREAK on the SECONDARY 

4.1dl with SG-Tube Rupture, 1 tube 

4.162 with SG-Tube Rupture, 10 tubes 

4.1e Annulus Flooding during a Transient 
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4.1 ' Total Loss of Feedwater 

The total loss of feedwater is defined as the total loss of all main and 

auxiliary feedwater systems. This includes the steam-driven and 

directly diésel-operatëd emergency feedwater systems. This can be 

caused by systematic mechanical failures or by failure of elécttfcal 

supply to allfeedwater systems. In both cases the total feedwater 

supply to all steam generators is permanently lost. The above states 

can be identified by "steam generator water level low" and loss of 

power supply to all feedwater systems. 



4.1a Total Loss of Feedwater during a Transient 

Initial and Boundary Conditions 

- Loss of main feèdwàter during power operation 
- Additional loss of all auxiliary feedwater systems 

Incidents with intact primary pressure boundary which result in the 
disequilibrium of heat generation on the primary and heat removal on the 
secondary are defined astrahsients.Theycan.be caused by turbine trip, turbine 
trip combined with the loss of ultimate heat sink, loss of RCPs, and others. The 
plant states which result from these transients followed by total loss of 
feedwater are described, in this scenario all operational and safety systems 
other than feedwater systems are available, see table below. 

Available safety systems 

Shutdown rods 
Aux, feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS (RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
—, 

+ 
+ 

• f 
+ 
+ 
+ 

Sump water inventory H 
HPl (sump recirç.) 
LPI (sump rec ire.) H 
AC power supply H 
SG isolation H 
Pressurizer relief valve (s) H 
Pressurizer safety valve (s) H 
Containment cooling system A 

+ available - unavailable 

Fig. 4 - 1a/1 Brief Scenario Description 
Accident Sequence 1a: Total Loss of 
FeedWater during a Transient 

" • . * ' • . ' 7 2 •' • 

http://astrahsients.Theycan.be


Description of Plant States (PS) and Plant State Intervals (PS!) 

The relevant plant states, plant state intervals and associated 
thermohydraulic parameters of the sequence 1a are shown in f ig. 
4-1a/2. 

1a/Q-1a/1 -This PS! is characterized by à decreasing water level on 
the secondary of all steam generators, small temperature difference 
between RPV inlet and outlet (almost zero) caused by the core power 
being reduced to decay heat values while the RCP are still in oper
ation. The primary pressuré is kept constant at its normal operating, 
value by the.pressure control system: 

la /1 - 1a/2-ThisPSI is characterized by natural circulation on the 
primary (RCPs tripped). The decreasing water level on the secondary 
leads to reduced heat transfer primary-secondary, which results in 
temperature and pressure increase on the primary. Thé pressure lies 
between the normal operating value and the PRZ relief valve 
setpoint. 

1a/2~ 1a/3 - As the SGs are empty, the residual heat can no longer be 
discharged to the secondary side. The decay heat is removed solely 
through the pressurizer relief and safety-valves in the form of a two-
phase mixture into the containment. The RPV inventory begins to 
decrease after voiding of SGs and hot legs. The pressurizer is 
completely filled wi th two phase mixture. 

1a/3 - 1a/4-The core is uncovered, the cladding temperatures are 
rising. The primary water is at saturated conditions, the steam at core 
exit is superheated and primary safety valves discharge mainly steam, 
cycling about their setpoint. The inventory in the RPV is steadily 
decreasing. < 

1a/4-f -The core uncovers further, consequently the steam produc
t ion rate decreases. The core heat up takes place adiabatkaliy at 
several degrees K per second. 
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Plant States la-0 1a-1 1a-2 1a-3 1a-4 

Primary 
- pressure bar 
- temperature RPV 

outlets 
- RPV Inventory % 
-cladding temp °C 

Pressurizer 
- inventory % 
- temperature °C 

Secondary 
• pressure bar -
- temperature °C 
- inventory 96 

155 
326 

100 
-330 

60 
345 

64 
280 
100 

155 
315 

-100 
305 

30 
336 

79 
294 
<30 

167 
325 

-100 
325 

70 
351 

79 
294 

0 

170 
352 

40 
>352 

-100 
352 

79 
294 

0 

170 
>600 

-10 
>1200 

70 
352 

79 
>294 

0 

Plant State Description Full Load 

Identification 
of total loss of 
feedwater 
SG level < 4m 

Secondary empty 
Setpointof 
pressurized relief valve 
reached, loss of 
primary inventory 

Core uncovery Coreuncovery 
advanced, 
initiation of. 
core melting 

Fig. 4 - la/2 Plant States and Associated Parameters 
Accident Sequence 1a: Total Loss of 
Feedwater during a Transient 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in fig. 4 -1 a/3. 

1a/Q -1 a/1 r At this stage it has not yet been identified that all ( 

auxiliary feedwater systems have failed, no accident management 
action is applicable in this PSI. The plant is still within its design-basis 
limits. 

1a/l -1a/2 - Total loss of feedwater has been identified. An early 
depresssurization of the secondary can be carried out when the 
steam generator secondary is empty. The secondary can be fed by low 
pressure mobile pumps or (if available) by a pressurized feedwater 
tank. At this stage the primary is still completely filled with coolant 

l a /2 -1 a/3 - Feed and bleed on the secondary as described above. 
Feed and bleed on the primary can also be carried out by depressur-
izing through the PRZ relief and safety valves followed by HPl, accu
mulator injection and LPI. 

1a/3r 1a/4 - At this stage secondary feed and bleed is still effective, 
however, primary fe<sd and bleed is the method to be preferred. 

1a/4 -f - Here primary feed and bleed can be successful, at a late stage 
core damage may already have occurred. A depressurization avoids 
core melt at high pressure. 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed Sec 

Bleed Prim. 

Feed Prim. 

Plant States Intervals 

1a-1-> 1a-2 

X 

X 

(x) 

(x) 

1a-2--> 1a-3 

X 

X 

X 

X 

1a-3 -> 1a-4 

(x) 

(x) 

X 

X 

1a-4-> 

X 

X 

Fig.4-1a/3 AM-Measures Applicable to oa-2->ia-3> —j 
Plant State Intervals of Accident 
Sequence 1a 

Plant S 
Plant State interva 
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Accident Sequence 

Bleed Sec. (Depress) : Opening Safety- or relief Valve sec: 
Feed Sec. : Feed water tank, mobile pumps 
Bleed Prim. : Depress. PRZ valves 
Feed Prim. : HPtS, (IPK), ryr<: Arnimulator 



4.1 b Total Loss of Feedwater with a Small or Medium Break 

initial and Boundary Conditions 

- Loss of main feedwater during power operation 

- Additional loss of all auxiliary feedwater systems 

- Combined with a small break on the primary 

Here a small break is defined as a rupture of the reactor coolant system of such a 

size that the decay beat cannot be removed by the leakage alone. Without an 

additional heatsinkthe pressure tends to stay near the pressurizer relief valve 

setpoint. In this scenario all operational and safety systems other than feedwater 

systems and HPl (recirc.) are available, see table below. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves;) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
- ". 

+ 
.+ 
.+ 
+ 
+ 
+ 

Sump water inventory 
HPI (sump recirc.) 
LPI (sump recirç) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

• + 

- . . . 

+ 
+ 
+ 
+ 
+ 
+ 

+ available - unavailable 

Fig.4-1b/1 Brief Scenario Description 
Accident Sequence 1 b: Total Loss of 
Feedwater with a Small or Medium Break 
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Description of Plant States (PS) and Plant State Intervals (PS1) 

The relevant plant states, plant state intervals and associated thërmo-
hydraulic parameters of the séquencs 1b are shown in f ig. 4-1 b/2. 

1b/Q- lb /1 -This PSI is characterized by a decreasing water level on 
the secondary of all steam generators. Depending on the break size 
and break location there is an underswing in pressure followed by a 
stabilization in the region between 110 and 80 bar. The core \s 
covered, the coolant loss through the break is made up by the 
injecting high pressure system. 

lb /1 -1 b/2 - The decreasing water level on the secondary of all SG 
leads to reduced heat transfer primary-secondary. The decay heat 
generated in the core is in equilibrium with the energy removed 
through the. break, the steam generators (decreasing) and the energy 
stored in the injected subcooled coolant. The loss of coolant through 
the break is in equilibrium with the water injected.by the high pres
sure pumps. The core is sufficiently copied. 

1 b/2 -1 b/3 - The steam generators on the secondary are empty. As the 
decay heat exceeds the amount of energy removed through the 
break plus that stored in the injected water, the pressure will contin
uously increase. Depending on the HPI pump characteristics the 
amount of injected water decreases. In this PSI the core is sufficiently 
cooled. 

1 b /3 - l b /4 - This PSI is characterized by empty water storage tanks 
and thus by the loss of H PIS. An additional hëat sink is required arid is 
provided by opening of the pressurizer relief and safety valves; The 
RPV inventory begins to decrease after voiding of the SG primary and . 
hot legs. ' 

1b/4 + -The core uncovers further, consequently the steam produc-
t ion rate decreases. The fuel heat up takes place adiabatically at 
several degrees K per second. 
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fi^V./.-Hii'.,..»:..» 

Plant States 

Primary 
- pressure bar 
- temperature RPV 

outtefC 
- RPV inventory % 
- cladding temp °C 

Pressurizer 
- inventory % 
- temperature-°C 

Secondary 
- pressure bar 
-temperature "C 
- inventory % 

Plant State Description 

1b-0 
i 

155 
326 

ioo 
-330 

60 
345 

64 
280 
too 

Full Load 

1b-1 

80-110 

100% 

<30 

- identification 
of small break, 
loss of feed-
water 

1b-2 

-90-140 

100% 

2 
121 

0 

.- Secondary empty 
-WaterforHPJ-P 

available 

1b-3 

140-170 

100% 

2 . 
121 

0 

- HPl storage 
tank empty 

- LPI injection 
not possible 

p>10bar 

1b-4 

140-170 

<40% 

2 
121 

0 

- Core uncovery 

no detailed analyses available (estimated values) 

Fig.4-1b/2 Plant States and associated Parameters 
Accident Sequence 1b: Total Loss of Feedwater 
with a Small Break 
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Description of AM-Measures Applicable to Plant State Intervais 

The relevant AM-measures are shown in fig, 4- lb/3. 

1b/0-fb/T-Àt this stage it has hot yet been identified that all 
auxiliary feed water systems have failed, ho accident management 
action \s applicable in this PSf. The plant is still within its design-basis 
limits. 

lb/1 -1b/2 - Total loss of feedwater has been identified. An early 
depresssurization of the secondary can be carried out when the 
steam generator secondary is empty. The secondary can be fed by low 
pressure mobile pumps or (if available) by a pressurized feedwater 
tank. At this stage the primary is still completely filled with coolant. 

1 b/2 -1 b/3 - Feed and bleed on the secondary as described above. 
Feed and bleed on the primary can also be carried out by depressur-
izing through the PRZ relief and safety valves followed by HPI, accu
mulator injection and LPL 

1 b/3 -1 b/4 - At this stage secondary feed and bleed is still effective, 
however, primary feed and bleed is the method to be preferred. 

1b/4 -K - Here primary feed and bleed can be successful, at a late 
stage core damage may already have occurred. A depressurization 
avoids core melt at high pressure. 

80 



*^--./i tlJ.. >LijAi.'sU-, 

AM-Measures 

Bleed Sec. 
(Depressu rization) 

Feed Sec. 

Bleed Prim. 
and 

Feed Prim. 

i' 

Plant States intervals 

1b-1~>1b-2 

X 

X 

(x) 

(x) 

1b-2«>1b-3 

X 

X 

(x) 

(x) 

1b-3-->1b-4 

X 

X 

1b-4~> 

X 

X 

Fig.4-ib/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 1 b 

(1b-2->1b-3) 

I n 
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Bleed Sec (Depress) 
Feed Sec 
Bleed Prim. 
Feed Prim, 

Plant State 
Plant State interval 

Accident Sequence 

Opening Safety- or relief Valve sec 
Feedwatertank, mobile pumps 
Depress. PRZ valves 
HPIS, (LPIS). CVCS, Accumulator 
H P ! frrtrn «.»•««..«. 



4.1 c Total Loss of Feedwater with the Break oh the Secondary 

Initial and Boundary Conditions 

- Loss of main feedwater during power operation 

- Additional loss of ail auxiliary feedwater systems 
• I 

- Combined with a break on the secondary 

It is assumed that the non-affected steam generators can be isolated from the 

leak. The defective steam generator cannot be isolated and its rate of depres-

surization depends on the break size. The break size can vary from very small tc 

large. In this scenario all operational and safety systems other than feedwater 

systems are available, see table below. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS (RWST) 
LPIS(RWST) 
RHRS-Heatexchangers 
RHRS-Pumps 

+ 
" ' 

. + 
; + 
+ 
+ 
+ 
+ 

Sump water inventory 
HP1 (sump recirc.) 
LP! (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety yaive (s) 
Containment cooling system 

+ available - unavaila 

Fig.4-1c/1 Brief Scenario Description 
Accident Sequence 1 c: Total Loss of Feedwater 
with a Break on the Secondary 
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Description of Plant States (PS) and Plant States Intervals (PS1) 

The relevant plant states, plant state intervals and associated thermo-
hydraulic parameters of the sequence 1c are shown infig.4~1c/2. 

1c/0- 1c/1 - In this plant state the water level in the defective steam 
generator decreases faster than in the non-affected ones. The de
crease in the water level in the defective steam generator depends on 
the break sizer which a.lso influences the decrease in temperature and 
pressure. In this PSI the coolant is subcooled. 

1c/1 - ïc/2 - The further decreasing water level on the secondary of all 
SGs leads to reduced heat transfer primary-secondary. This leads to an 
unbalance between decay heat generated in the core and heat re
moved by the steam generators resulting in a temperature.and 
pressure increase. The core is covered and the heat transfer is effected 
by subcooled natural circulation. 

1c/2- 1c/3 - The steam generators on the secondary are empty result
ing in the absence of a heatsink. An additional heat sink is required 
and is provided by opening of pressurizer relief and safety valves. The 
RPV inventory begins to decrease after voiding of the SG primary and 
hot leg. 

1c/3 - 1c/4-The core uncovers further, consequently the steam pro
duction rate decreases. The fuel heat-up takes place adiabatically at 
several degrees K per second. 
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In v. Itîv, 

% % 
Seq_ _Prim_ 

bar 
:IOOOf-200-

75-

50-

25-

75-

50-

25-

-750-

500-

-150-

250-^- 5 0 -

lOO-

Scram 
RPC's off 

min time (t) 

Plant States 

Primary 
- pressure bar 
- temperature RPV 

outlet °C 
- RPV inventory % 
-cladding temp °C 

Pressurizer 
- inventory % 
» temperature °C 

Secondary 
-• pressure, int SG bar 
- pressure, def. SG bar 
- temperature, intSG°C 

* - temperature, del SG "C 
-inventar, int SG% 
- inventar, def.SG % 

Plant State Description-

1c-0 

155 
326 

100 
-330 

60 
345 

64 
64 

280 
280 
100 
100 

Full Load 

1c-1 

100-120 
300-250 

100 
-310-260 

-20 * 
310-320 

-80 
<80 
290 

<290 
!<50 
<25 

• Identification 
. of total loss of 
feedwater 

- SG level < 4m 

1c-2 

160-170 
-350 

100 
-360 

-80 
-350 

-80 
<10 

>300 
<180 

0 
0 

- Secondary empty 
- Setpointof 

pressurized relief valve 
reached, loss of 
primary inventory ' 

1c-3 

160-170 
350 

30 
>360 

<50 
-350 

-80 
<10 

>300 
<180 

0 
0 

- Core uncovery 

. 1c-4 

160 
>600 -

-10 
>1200 

<50 
352 

-80 
<10 

>300 
<180 

0 
0 

- Core uncovery 
advanced, 
initiation of 
core melting 

Fig. 4-1 c/2 Plant States and Associated Parameters 
Accident Sequence 1c: Total Loss of Feedwater 
with a Break on the Secondary 
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: Description of AM-Measures Applicable to Fiant State Intervals 

The relevant AM-measures are shown in f ig. 4 - 1c/3. 

1c/0- 1c/1 - At this stage it has not yet been identified that all 
auxiliary feed water systems have failed, no accident management 
action is applicable in this PSI. The plant is still within its design-basis 
limits, , 

1c/1 - 1c/2 - Total loss of feedwater has been identified. Anearly de-
presssurization of the secondary of the intact SG can be carried out 
when the steam generator secondary is empty, The secondary can be 
fed by low pressure mobile pumps or (if available) by a pressurized 
feedwater tank. At this stage the primary is still completely fiNed wi th 
coolant. 

•1c/2- 1c/3 - At this stage secondary feed and bleed is still effective, 
however, primary feed and bieed is the method to be preferred. 

1c/3-1c/4 - Here primary feed and bleed can be successful, àt a late 
stage core damage may already have occurred. A depressurization 
avoids core melt at high pressure. 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

1c-1«> 1c-2 

X (intact) 
SG 

X 

7 

Plant States Intervals 

1c-2-> 1c-3 

x 

X 

(x) 

(x) 

1c-3-~> 1c-4 

(x) 

(x) 

X 

X 

< 

Fig„4-1c/3 AM-Measures Applicable to 
Plant State Intervals of Accident 
Sequence 1c 

(1a-2-->1a-3) 

Plant Sta; 

Plant State interval 

Accident Sequence 

Bleed Sec (Depress) : Opening Safety- or relief Valve sec 
Feed Sec : Feed water tank, mobile pumps 

86 Bleed Prim. •=: Depress. PRZ valves 
Feed Prim. : HPIS,(LPIS),CVCS, Accumulator 



4.1d1 Total Loss of Feedwater wi th SG-Tube-Rupture, 1 tube 

Initial and Boundary Conditions 

Steam generator-Tube rupture (1 tube) at full power load 
AdditionallyTotal Loss of Feedwater 
No operator action 

A SGTR-accident can lead to a MSL-Break or a stuck open/çlosed MSSV, if the 
HPI cannot be terminated before the affected SG overflows. In the case of a 
MSL-Break the affected MSL will be isolated immediately by the reactor 
protection system without any further consequences. 

More problems are to be faced, if a MSSV should fail in an open position. In this 
case a leak to the atmosphere occurs permantly, releasing contaminated liquid 
into the environment. 

Under these conditions core melt can only be, prevented by applying 
appropriate AM-measures. 

An additonal problem in this sequence exists because the total leakage of the 
ruptured tube rs lost from the sump and therefore no sùmp-recirculation 
operation is available. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) + 
HPfS(RWST) 
LPIS (RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
— 

+ 
( # ) 

+ 
+ 
+ 
+ 

Sump water inventory 
HPI (sump redrc.) 
LP! (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety, valve (s) 
Containment cooling system 

.— 

— 

--

+ 
. + 

+ 
+ 

+ available # disturbed -unava i lab le 

Fig.4-1d1/1 Brief Scenario Description 
Accident Sequence 1d1 : Total Loss of 
Feedwater wi th SG-Tu be Rupture, 1 tube 
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Description of Plant States (PS) and Plant State Intervais (PSI) 

The relevant plant states, plant state intervals and associated 
thermohydraulic parameters of the sequence 1d1 are shown in f ig, 
4-1d1/2. 

1d1/0 - 1d1/1 - After the rupture of.a single SG tube, scram and 
turbine trip is initiated due to the high activity level in the affected 
MSL Simulatneously with the SG tube rupture we assume a total loss 
of feedwater supply. As à consequence, of the break in f low the 
primary pressure decreases rapidly together with the level in the 
prèssurizer. This leads to the initiation of the ECC-Criterion which 
activates the start of the HPIS and the cast down of the RCPs. The 
pressure on the secondary side is controlled by the MSRV releasing 
activity into the environment. The water level in the affected SG goes 
up while the water level in the intact SGs decreases due to the loss of 
feedwater injection. 

1d1/1 - 1d1/2-After about 1 hour the affected SG will overflow and 
this excess water is collected in the MSL At the same time the int. SG 
become dried out. Since the MSLs are not designed for large dynamic 
water loads wè assume a MSL-Break outside the containment Due to 
the quick, pressure drop in the MSL the reactor protection system 
causes the closure of the isolation valves and keeps the relief valves 
closed. Secondary pressure of the affected SG increases to the 
setpoint of the MS Safety Valve which begins tp cycle and after a 
while becomes stuck open. 

i d l / 2 - - 1d1/3 - The stuck open MS Safety Valve causes a fast 
cooldown of the primary side and an increase of the outflow from the 
leak as a result of the high differential pressure. In this phase heat 
transfer in the affected SG is very effective due to the continuous 
leakage inflow, keeping the aff. SG fil led. After about 8 hours the 
water storage tanks will be depleted and the HPI becomes ineffective. 
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l d1 /3 - 1d1/4 - Once the HPI stops, the primary pressure drops sharply 
until the setpoint of the accumulator injection is reached. During the 
accumulator injection the primary temperature increases due to the 
low injection massflow, 

1dl/4- 1d1/5 - After the depletion of the accumulators, pressure in 
the primary increases rapidly until the energy loss out of the leak is 
equivalent to the decay heat (ca. 80 bar). Under this condition the 
inventory of the primary side Will boil off. Heat up of the core takes 
place after the core becomes uncovered. 
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End of 
accum.-
injection 

7 " f «XX53-»; 
Leak Begin of 
uncovery . core 
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1001- T 

I 

n 1—r— 
Scram, RCP's atf. SG Isolation MSSV 

turb.trrp off overfilled, of the- stuck open • 
. int. SG sec. side 
dried out ' 

Leak Begin of 
uncovery core 
on primary uncovery 
side 

Water-
storage . 
tanks empty 

End of 
accum.-
injectton 

Fig.4-1d1/2a Plant States, Accident Sequence 1d1 : 
Total Loss of Feed water with SG-Tube-
Rupture, 1 tube 
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Plant States * 

Primary 
- pressure bar 
- temperature 

core inlet ' °c 
- RPV inventory % • 
-c ladding temp °C 
- totaf.leak massflowkg/s 

Pressurize r 
- inventory % 
- temperature °C . 

Secondary 
- pressure aff. SG bar 
- Pressure int. SG bar . 
- te mperature aff. SG *?C 
- temperaturint.SG °C 
- coll level aff. SG % of 

tota l bight. 
- coll. level int.SG % of 

total hight 

Plant State Description 

1d1-0 

158 
290 

100 
.-330 

, — 35 (max.) 

<100 
340. 

64 
64 

270 
270 

- 7 0 

- 7 0 

-Sera m due to 
higtvactivity 
level in MSL 

-Turbine tr ip 

1dt-1 

108 
290 

100 
-330 
-20 

- 1 2 
315 

78 
78 

290 
295 

>100 

- 0 

- lECC-criterion 
-RCP'soff 
-start of HPI 
-aff.SG 

becomes 
pverfilied 

- int. SG dried 
out. 

1d1-2 

110 
293 

100 
-335 

-25 

- 1 2 
315 

86 
78 

290 ' 
-295 
>100 

- 6 0 

- MSSVofaff.SG 
. stuck open after 
cycling 

- natural 
circulation in 
int. loops stops 

1d1-3 

-100 
-150 

100 
-150 
- 5 0 

- 1 2 
-150 , 

1d1-4 

- 1 0 
- t s 

100 
-180 

- 5 

- 1 2 
-180 . 

1d1-5 

-185 
- t s 

50 
^-300 
- 1 5 

- 1 2 
-300 

no detai led analyses available (estimated 
values} 

- 5 
78 

145 
-295 
-85 

~o 

- Water 
storage tanks 
empty 

-

~3 
78 

-130 
-295 
- 7 5 

- 0 

- End of 
accumul. 
injection 

- 2 -
78 

-120 
-295 

- 3 0 

- 0 

- after 
. uncovering 

of the leak 
primary side 
boils off 

- heat up off 
core 

Fig.4-1d1/2b Associated Parameters, Accident 
Sequence 1d1 : Total Loss of Feedwater 
with SG-Tube-Rupture, Ttube 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in fig. 4 - 1 d i /3 . 

1d1/0 -' Id1/1 - We assume, that the first operator intervention wil l 
not be performed until after 30 minutes. At that time the HPI is 
already operating, filling up the affected SG while on the secondary 
side the pressure is controlled by the Main Steam Relief Valves. The 
defective SG has been identified by the radioactivity of the letdown 
mass flow. The decreasing water level in the intact SG indicates that 
the feedwatêr supply has been lost. Due to this fact, all necessary 
preparations for a secondary feed and bleed should be performed 
early including the pressurization of the feed water tank. 

In-order to reduce the leakage to the secondary side and to slow 
down the rising water level in the affected SG, ail HPI-pumps are 
switched off after 30 min. Prior to this measure, the ECC-criterion 
"Low level in pressurizer" has to be overriden, which is possible as 
long as the RPV is filled up to the loops. Then the HPI can be shut off 
followed by the isolation of the affected SG. 

To avoid heating-up of the primary side, secondary depressurization 
should be initiated after the intact SGs are dried out. The secondary 
side can be fed by the water inventory of the feedwater line and 
subsequently by a low pressure mobile pump. During secondary feed 
all MSRVs should be opened to obtain the most effective heat sink. 

1d1/1 - I d 1/2 - At this stage, HPI can still be shut off after overriding 
the ECC-criterion "Low level in pressurizer". In the case of early 
actuation of this measure no critical water load and subsequently no 
leak in the Main Steam Line wil l occur. After the HPI-pumps are 
swichted off, isolation of the affected SG is necessary within 1 hour to 
keep the core covered. To ensure the long term cooling of the 
primary side, secondary bleed and feed should be applied. 
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Primary bieed should only be applied if secondary bleed and feed j$ 
not available. In that case problems will arise due to the 
contaminated containment when the leak ir\ the affected SG wil l be 
sealed off at the end of the sequence. 

1d1/2 - 1d1/3 - At this stage a stuck open valve already exists and is 
releasing activity to the atmosphere. Therefore the first measure 
should be to shut off the HP! after overriding the ECGcirterion. 
Afterwards secondary feed and bleed is still the appropriate measure 
to ensure long term cooling. Primary bleed can also be activated to 
deliver, coolant from the RWST into the sump. So the sump-circulation 
mode can be used after the RWST are empty to cool the primary. 

1d1/3 - Jd1/4 - As soon as the RWST are depleted and the primary 
pressure drops below 3Q bars, the RHRS can be activated to keep thé 
primary temperature at a low level. 

Secondary feed and bleed should be initiated simultaneously to 
support the cooling c*f the primary and thus make the accumulator-
injection more efficent. 

1d1/4- 1d1/5- Secondary feed and bleed is still an effective measure 
to cool the primary down to the operating range of the RHRS, As an 
additional measure to the activation of the RHRS the make-up system 
is necessary to keep the RPV fi l led. Injection by the make-up system 
can, be switched off because the leakage out of the damaged SG tube 
has been terminated. At that stage it is possible to seal-up the leak in 
the affected SG. 

I d 1/5 + •- At this stage primary bleed wil l be successful to avoid core 
melt at high pressure. 
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AM-Measures 

Bleed Sec.. 
( Dep ressu ri zati o n) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

Feed Prim. 
(alternative. 
prim, feed with 
make-up system) 

RHRS 

Shutdown of 
HP! after 

overriding ECC-
Criterion 

1d1-0--> 
1d1-1 

X 

1 d M ~ > . 
1d1-2 

X 

X 

(X) 

X 

Plant States Intervals 

1d1-2--> 
1d1-3 

X 

X 

(x) 

X 

X 

d1d-3~> 
1d1-4 

X 

X 

x 

1d1-4--> 
1d1-5. 

X 
\ 

X 

X 

X 

* 

> 1d1.5 

X 

. 

-

Fig.4-1d1/3 AM-Measures Applicable to Plant 

States Intervals of Accident 

Sequence1dl 
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4.1 d2 Total Loss of Feedwater wi th SG-Tube-Rupture, 10 tubes 

Initial and Boundary Conditions. 

- Steam generator-Tube rupture (10 tubes) at full power load 

- Additionally Total Loss of Feedwater 

- No operator action 

In the case of a multiple SGTR the scenario is similar to a single SGTR, except the 

time period, available for applying AM-measures, is much shorter. Under normal 

conditions an overflow in the affected SG cannot be prevented and there is à , 

strong possibility of a MSL-Break or a stuck open MSSV. 

Available safetv systems 

Shutdown rods + 
Aux. feedwater . " • - ' . 
Controlled steam relief (relief valveis) 4-
Steam relief (safety valves) + (#). 
HPIS(RWST) -f 
LPIS(RWST) + 
RHRS-Heat exchangers + 
RHRS-Pumps 4 + 

Sump water inventory 
HP! (sump recirc) 
LPÎ (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

—-

— 

— 

+ 
+ . 
+ 
+ i 
- ' 

+ available # disturbed - unavailable 

Fig.4-1d2/1 Brief Scenario Description 
Accident Sequence 1 d2: Total Loss of 
Feedwater with a SG-Tube-Rupture, 10 tubes 
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Description of Plant States (PS) and Plant State Intervais (PSI) -

The relevant plant states, plant state intervals and associated thermo-
hydraulic parameters of the sequencs 1d2 are shown in fiig. 4-1d2/2. 

In the case of a multiple SGTR (10 damage tubes) the accident 
scenario is very similar to sequence 1d1, except the time response is 
much shorter. This circumstance leads to the fact, that 15-30 minutes 
after the beginning of thetransient the plant is already outside its 
design-basis limits. Because of the larger outflow from the leak the 
depletion of the RWSTand the accumulators wil l also occur earlier. 

1d2/0- 1d2/1 -After the rupture of 10 SG tubes, scram and turbine 
tr ip is initiated due to the high activity level in the affected MSL 
Simultaneously with the SG tube rupture we assume a total loss of 
feedwater supply. As a result of the break in f low the primary 
pressure decreases rapidly together with the level in the pressurizer. 
This leads to the initiation of the ECC-Criterion which activâtes the 
start of the HPISand the cast down of the RCPs. The pressure on the 
secondary side is controlled by the MSRV releasing activity into the 
environment. The water level in the affected SG goes up while the 
water level in the intact SG decreases due to the Joss of feedwater 
injecton. 

1d2/1 -1d2/2-After about 15 minutes the affected SG is going to 
overflow and subcooled water is collected in the MSL Because the 
MSLs are not designed for large dynamic water loads we assume a 
MSL-Break outside the containment. Due to the quick pressure drop 
in the. MSL, the reactor protection system causes the closure of the 
isolation valves and keepsthe relief valves closed. 

Secondary pressure of the affected SG increases to the setpoint of the 
MS Safety Valve which begins to cycle and after a while becomes 
stuck open. 
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1d2/2~ ld2/3-The stuck open MS Safety Valve causes a fast coo [down, 
of the primary side and an increase of the outflow from the leak due 
to the high differential pressure. In this phase, heat removal in the 
affected SG is dominant due to the continuous leakage-inflow, 
keeping the affected SG filled, Thus, dry out of the intact SGs after 
about 1 hour has only a small influence on primary temperature. 
After about 2 hours the water storage tanks wil l be depleted and the 
HPI becomes ineffective. Simultaneously the natural circulation in the 
intact loops stops as a result of the reverse heat transfer, in the intact 
SG. 

1d2/3- 1d2/4- Once the HPI stops the primary pressure drops sharply 
until the setpôint of the accumulator injection is reached. During the 
accumulator injection the primary temperature is increasing because 
of the low injection massf low. 

1d2/4- 1d2/5 - Ater the depletion of the accumulators, pressure on 
the primary increases rapidly until the energy loss out of the leak is 
equivalent to the decay heat. At a constant pressure of about lO.bâr 
the inventory of the primary side will boil off. Heat up of the core 
takes place after the core becomes uncovered. 
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Fig.4-1d2/2a Plant States Accident Sequence 1d2 
Total Loss of Feed water with 
SG-Tube-Rupture, 10 tubes 



Plant States 

Primary 
- pressure bar 
- temperature core inlet 

. °C 
- * RPV inventory % 
- cladding temp X 
- to ta l Jeakmassffowkg/s 

Pressurizer 
- inventory % 
- temperature °C 

Secondary 
- pressureaff. SG bar -
- pressure int. SG bar 
- temperature aff. SG ?C 
- temperature int.SG °C 
- coll. level aff. SG% of 

. to ta l heigh 
•: , coil, level int. SG % of 

to ta l height 

Pfant State Description 

1d2-0 

158 
290 

100 
-330 

-300 (max.) 

<100 
340 

64 
€4 ' 

. 270. 
270 
- 7 0 

- 7 0 

-Scram due to 
high activity 

- Turbine trip 

. Id2-1 

- 8 5 
290 

100 
~ts 

- 1 1 0 

- 1 2 
- 3 0 0 

78 
78 

.270 
295 

>.100 

- 5 0 

- ECC-crtterion 
-RCP'soff ..." 
- start of HPI 
-aff .SG 

overfilled 

1d2-2 

- 9 5 
290 

100 
~ts 

~130 . 

- 1 2 ' 
-300 

- 8 6 
78 

270 
-295 
>100 

- 3 0 

- MSSVofaff. 
SG stuck open 
after cycling 

- natural 
circulation in 
int. loops ' 
stops '-. 

1d2-3 

-37 
200/180 

- 1 0 0 
-120 
-240 , 

- 1 2 
-170 

1d2-4 

- 8 .. 
~-ts 

100 
-170 
- 4 0 

- 1 2 ' 
-150 

1d2-5 

- 1 0 
~ts 

50 
'• -180. 

- 1 5 

—12 
-160 

no detai led analyses available 

. (estimated values) 

-.13 
78 
85 

-295 
> 100 

- 0 

- Water storage 
tanks empty 

- int. SG dried 
out 

5- ' 
78 

150 
-295 
>100 

- 0 

-End of 
accumul. 
injection 

7 
78 . 

140 
-295 

- - 8 0 

- 0 . 

-after. . 
uncovering of 
the leak 
primary side 

, boils off 
- heat up of 

core 

Fig.4-1d2/2b Associated Parameters, 
Accident Sequence1d2: Total Loss of 
Feedwater with a SG-Tube-Rupture, 10 tubes 
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Description of A M-Measures Applicable to Plant State Intervals 

The relevant Alvl-measures are shown in f ig. 4 - 1d2/3. 

1d2/0-1d2/2- Despite the rapid water-level rise in the affected SG it 
is assumed that no operator intervention will be performed until 
after 30 min. A t this time a leak to the atmosphere due to a stuck 
open valve probably exists and cannot be shut off. 

On the secondary of the intact SG the low water levels indicate that 
all auxiiiiaryfeedwater systems have failed. So all preparations for 
secondary bleed and feed including the pressurization of the 
feedwatër tank can be met at this early stage. 

1d2/2~ 1d2/3 - Referring to the existing leak with its continuous 
activity release to the atmosphere the first AM-measure should be to 
shut off three of the operating HPI-pumps after the ECC-criteriph 
"Low level in pressurizer" has been overridden. The remaining fourth 
HPI-pump is left running to keep the primaryfilled. 

After shut down of the 3 HPI-pumps the primary pressure decreases 
immediately to the setpoint of the.accumulators. So the accumulator 
injection wil l start very'early supporting the cooling of the primary 
side. 

Secondary bleed should be initiated after the secondary sides of the 
intact SG are entirely depleted (~~ 1hour). Feeding of the secondary 
might be carried out àt first by the water stored in the feedwater line. 
In this manner the operator wi|l gain more time for connecting the 
mobile pump to the feedwater system and ensure it is ready for 
longterm feeding. 

Primary bleed and feed is not preferred because this leads to a 
contaminated containment. Morèver, in the case of a multiple SGTR 
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this measure can deliver only a limited amount of coolant to the 
sump. If there is less coolant than the content of one RWST, 
recirculation mode cannot be carried out. 

1d2/3- 1d2/4-When the RWST are exhausted, the primary, pressure 
arid temperature are low enough for activating the RHRS. Together 
wi th secondary bleed and feed this measure might be effective 
enough to cool down the primary below 1ÔÔ°C in a long term period. 

1d2/4- 1d2/5-Secohdarv.bleed and feed is still successful together 
wi th the activation of the RHRS. To keep the water level in the RPV 
above the center line of the loops, primary feed may be carried out by 
the make-up and borating system. These systems are capable of 
replacing the mass losses out of the primary after uncovering of the 
leak. 

After the primary has reached 80 °C, primary feed is no longer 
necessary and can be shut off. 

1d2/5 4- -After uncovering of the core, core damage cannot be 
stopped. A primary depressurization with the entire valve capacity is 
able to avoid core melt at high pressure. 
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AM-Measures 

Bleed Sec 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim; 

Feed Prim. 
(alternative 
prim, feed with 
make-up system) 

RHRS 

Shut down of 
HPI after 

overriding ECC-
Criterion 

1d2-2--> 1d2-3 

X 

X 

(x) 

* 

X 

Plant States Intervals 

1d2-3»>1d2-4 

X 

X 

(x) 

X 

ld2-4~> 1d2~5 

x 
, 

X 

x 

x 

-

-

> 1d2-5 

. X 

x 

x 

Fig.4-1d2/3 AM-Measures Applicable to 
Plant States Intervals of 
Accident Sequence 1d2 

(1d2-2->1d2-3) 

Plant State 

Accident Sequence 

Plant State! 
Interval 
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Bleed Prim. 
Feed Prim.. 

Opening Safety- or relief Valve sec. 
Feedwatertank, mobile pumps 
Depress. PRZ valves 
HPIS, (LP1S), CVCS, Accumulator 



4.1e Annulus Flooding 

Ànnulus flooding is defined as the flooding of the annulus space in 

the reactor-building. This can be caused by a large break of the piping 

of the auxiliary cooling water system or by activating the system while 

under repair (circuit may be not closed because of valve-exchange). 

The state of flooding can be identified only by secondary effects like 

the loss of the ECC-systems as well as most of the operational systems. 

In the most unfavourable casé thèse effects can occur after 

15-min. 
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4.1e Annulas Flooding during a Transient . 

Initial and Boundary Conditions 

-: Large break in the auxiliary cooling water system 
- Additional loss of offsite power 

Annulus flooding can be caused by a break in the auxiliary cooling system. In ca< 
of a large break-size, the leakage is very high and w i l lno t stop as long as tr 
cooling water pumps are running. Therefore this event may lead to.the loss of a 
ECC-systems as well as most of the operational systems in less than half an hour. 

Available safety systems 

Shutdownrods 
Aux, f eedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 
+ 
+ 
mm 

-

-. -

• - . 

Sump water inventory 
HPI (sump recirc.) 
LPI (sump retire) 
AC power supply 
SG isolation 
Pressurizer relief va lve(s) 
Pressurizer safety va Ive (s) 
Containment cooling system 

-

-

. -

•* 

-f 
-t 
4 
* 

+ available - unavailable 

Fig.4-1e/1 Brief Scenario Description, Accident 
Sequence 1e: Annulus Flooding during a 
Transient 
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Description of Plant States (PS) and Plant State Intervals (PS1) 

The relevant plant states, plant state intervals and associated thermo 
hydraulic parameters of the sequence 4.1e are shown infig.4-1e/2. 

1e-Q-> 1e-1 - These plant state intervals begin with the break of the 
auxiliary cooling water system as the initiating event and end with 
the automatic shut off of all RCPs as a consequential failure of the 
annulus flooding. Further consequences of the flooding are the 
complete failure of all ECC-systems and nearly all feievant.operational 
systems. Most of the plant parameters remain at stationary conditions 
because they will not be influenced by the flooding. 

le-1 -» 1e-2 - As a result of the RCP castdown, reactor and turbine 
begin to tr ip. Primary pressure decreases to a level of ~ 145 bars, 
while the pressuré on the secondary side will be controlled by the 
MSRV, 

According to the assumed loss of offsite power, the main feedwater 
pumps are no longer available and secondary feeding wiil be taken 
over automatically by the startup- and shutdown pumps. Because the 

* auxiliary feedwater is available for only 30 hours, the SG are dried out 
at the end of this plant state interval. 

1e.2-> 1e.3 - After the SGs are depleted, decay heat can no longer be 
transferred to the secônary side. The result is an increase of the 
primary temperature and pressure up to the setpoint of the 
pressurizer relief valves, which begin to open. 

1e.3 -» 1e.4 - During the cycling,of the valve, the inventory of the 
primary decreases rapidly until the core becomes uncovered. Then 
heat up of the fuel takes place adiabatically ending in core melt 
under high pressure. 
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• Plant States ' 

Primary 
- pressure bar 
- . temperature RPV outlet°C 
- RPV inventory % 
- cladding temp CC 

Pressurizer 
- inventory % 
- temperature "C 

Secondary 
- • pressure bar 
- temperature .6G-
- invewntory% ' 

Plant State Description 

1e-0 

158 
326 
100 

-330 

60 
345 

64 
280 
r- 70 

- Begin of 
Annulus 
Ffooding 

1e-1 

158 
315 
100 

-320 

- 6 0 
336 

9 
294 
> 7 0 

- identification 
of Annulus 
Flooding 

- RCPsoff, 
scram, turb. 
trip 

1e-2 

'* 
150 
325 
100 

- 3 2 0 

- 8 0 
-342 

79 
294 
- 1 5 " 

- SG level < 
min/heatup 
of the primary 

1é-3 

-170 
- t s 

85 
-360 

-100 
-350 -

79 
-294 

0 

- Setpoint of 
pressurizaed 
relief valve 
reached, loss 
of primary 
coolant 

1e-4 

-170 
>400 
<20 

>600 

- 7 0 
-552 

79 
- 2 9 4 

0 

- Core 
unconvered 

- Heat up of 
the core * 
advanced 

Fig. 4-1e/2b Associated Parameters, Accident Sequence1e: 
Annulus Flooding during a Transient 
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Description of AM-Measures Applicable to Plant State Intervals -

The relevant AM-measures shown in f ig. 4-1 e/3. 

1e-0 .-r» 1e-1 At this stage, flooding of the annulus has not yet been 
identified by the operator. The plant is still within its design-basis 
l imits/ 

1e-1 -» 1e-2 Flooding of the annulus probably has been identified at 
this time by measurement or by investigations of the. reasons for the 
automatic shut off. of the RCPs. First operator actions should be to 
svyitch off the water cooling pumps and to isolate the leak in order to 
stop the leakage into the annulus. 

If these actions have been performed successfully, preparations are to 
be made for secondary feed and bleed. Best t ime to initiate this AM-
Méasure is when the SG is empty. Secondary feed can be performed 
by the low pressure mobile pump which can be provided with 
unlimited amount of water. 

1e-2 -> 1e-3 Secondary feed and bleed is still the appropriate AM-
Measure. Another possibility is to recover the condenser and to 
initiate a cooldown of all SGs. Primary bleed and feed will not be 
effective due to non availability of ECC-systerru -

1e-3^-»1e-4 : Secondary feed and bleed is effective as long as the core 
is covered by the f luid. Later on, when the core becomes uncovered 
the primary bleed can avoid core melt at high pressure. 
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AM-Measures 

Bleed Sec. 
(Dëpressurization) 

Feed Sec. 

Bleed Prim, 

Feed Prim. 

-

1e-1~> 1e-2 

X 

X 

i 

Plant States intervals 

1e-2-.-> le-3 

X 

X 

• 

1e-3-> 1e-4 

(x) 

(x) 

X 

-

• 

> 1e-4 

X 

- " 

Fig.4-1e/3 AM-Measures Applicable to 
Plant States Intervals of 
Accident Sequence1e: 

Bleed Sec. (Depress) 

Feed Sec. 
Bleed Prim. 
Feed Prim. 
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<1e-2~>1e-3) 

Plant State 
Interval Plant State 

Accident Sequence 

Opening Safety-or relief 
Valve sec., 
Feedwater tank/mobile pumps 
Depress. PRZ valves 
HPIS, (LPIS), ÇVCS, Accumulator 
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4.2 Loss of High Pressure Injection on Demand 
fol lowing: 

4.2a Small LOCA reactor coolant loop 

4.2b . Small LOCA vessel 

4.2c Medium LOCA 

in . 



4.2 • Loss of high pressure injection on demand following a LOCA 

The loss of high pressure injection on demand is defined as the total 

loss of HPIS f low following an Sl-signal or a manual actuation of SI. All 

others systems, e.g. both LPIS and accumulators are assumed 

available. 

The loss of HPI is identified by the Safety Engineer after scanning of 

the outlet pressure and f low rates of the injection pumps. 

112 



4.2a Loss of HP! on demand following a small break LOCA on a reactor 
coolant loop 

Initial-arid boundary conditions 

- Small break on primary coolant loop at full load 
- Combined with loss of high pressure injection on demand. 

A small break is here defined as a reactor coolant system rupture of such a size 
that the decay heat cannot be removed by the leakage alone. This means that 
AFW is needed to remove decay heat and to cool down the primary circuit in 
order to join the accumulators and then the LPS! thresholds. This break is 
located on a primary coolant loop of the reactor. 
Except the HPIS, all safety systems are available, see table below. 

Available safety systems 

Shutdown rods 
Auxiliary feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS (RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-pumps 

+ 
+ 
-K 
+ 
-

+ 
+ 
+ 

Sump water inventory 
HP! (sump recirculation) 
LP! (sumpf recirculation) 
AC power supply 
SG isolation 
Pressurizer relief valves. 
Pressurizer safety valves 
Co nta i nment spray 

+' " 
. " • 

+ / 
+ 
+ 
4- . 
+ 
+ 

+ available - Unavailable 

Fig. 4 - 2a/1 Brief Scenario Description 
Accident Sequence 2a: Loss of HPIS on 
Demand following a Small LOCA on 
Reactor Coolant Loop 
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Description of plant states and plant state intervals 

Thé relevant plant states (PS), plant state intervals (PSI) and associated 
thermal hydraulic parameters of sequence 2a are shown on f ig. 4-
2a/2. 

2a-0->2a-1 - The subcooled f low rate at the break rapidly reaches its 
maximum and then decreases with pressure to a value corresponding-
to sàtureated liquid conditions. The pressurizer empties and the RPV 
water inventory decreases. 
The primary pressure drops to à value slightly above the secondary 
value. Secondary pressure rises and reaches a plateau imposed by the 
turbine bypass system set point. In case of loss of offsite power by the 
steam relief setpoint.This state interval is of very short duration 

2a-1 -»2a-2 - The primary and secondary pressures stay at their 
plateau values. The break flow rate decreases as conditions change 
from satured'liquid to stjeam/Iiquid mixture and satureated steam. 
The primary inventory reduction decreases with decreasing break 
f low. No accumulators or LPS injection is possible, due to the RPV 
pressure level. 

This state interval is characterised by: 

- low primary water inventory, 
- no primary subcooled margin, . 
- low primary pressure (close to the secondary pressure), 
V all steam generators available, 
- abnormal containment pressure, activity and sump level. 

2a-2 ->.2a-3 - the decreasing vessel level falling below the top of the 
core, the clad tempertures quickly rise (several Ks per second). The 
primary pressure, still at its plateau value, precludes the accumulators 
and LPS injection. This state interval has the same characteristics then 
the interval above, except: 

- Primary water inventory becomes very low, 
- RPV outlet temperature increase (super heated). 
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P(barH% T(*C) 

®© 

lime 

Plant States 

Primary 
- pressure bar 
- temperature RPV 

outlet °C 
- RPV inventory % 
• cladding temp °C 

Pressurize! 
- inventory % 

; - temperature °C 

Secondary 
- activity 
- pressure, bar 
- temperature, *C 
- inventory, % 

Containment 
r activity 
- pressure 
- sump level 

Plant State Description 

2a-0 

155 
327 

100 
-330 

66 • 
245 

no 
58. 

273 
100 . 

yes 
~ normal 

7 

- full load 
- small break 
- scram 

2a-1 

75 
290 

. ^90 
300 

0 

no 
70 

-286 
80 

yes 
>1.2 

? 

- saturation 
- 2-phases 

break flow 
• pressure plateau 

. 2a-2 

72 
290 

- 3 0 
300 

0 

no 
70 

286 
100 

yes 
>1.4 
high 

- beginning of core 
uncavery 

- pressure plateau 

2a-3 

60 
700 

'20 
. >740 

- 0 

' no : 
70 

286 
100 

yes 

high 

core 
uncovered 

Fig.4»2a/2 Plant States and Associated Parameters 
Accident Sequence 2a: Loss of HPIS on 
Demand following a Small LOCA on 
Reactor Coolant Loop 
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Description of AM-Meâsures Applicable to Plant State Intervais 

The relevant AM-measures are shown in f ig. 4 - 2a-3. 

2a-0^-»2a-1 - No AM-measure applicable 

2a-1 -> 2a-2 - LOCA has been identified. The primary pumps are 
tripped. A secondary depressurisation is carried out in order to cool 
down the primary system at a fixed rate and reduce its pressure. After 
identification of the loss of HP!, a secondary depressurisation at 
maximum rate has to be required by opening the turbine bypass 
system at its maximum {in case of loss of offsite power, the relief 
valves), in order to reach, as soon as possible, a primary pressure 
allowing accumulators and afterwards LPIS injection. If possible the 
chemical and volume control system injection has to be increased at 
its maximum. 

2a-2 ->-2a-3 -The previously described maximum depressurisation 
may be actuated during this PSL In addition, based on an overheated 
core exit temperature or a vessel very low level, the primary system 
can be depressurized by opening of the pressurizer PORVs to reach 
the accumulators and LPS injection and,.if the latter is unavailable* to 
avoid a high pressure core melting; 

2a-3-> - Core exit temperature is too high ( > 700 °C) and a cooling 
down by steam generators may not be efficient. This action may be 
undertaken but it must be associated with an opening of the 
pressgrizer PORVs. 
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' 

AM-Measures 

Bleed Sec 
(Depressurization) 

Feed Sec 

Bleed Prim. 

Feed Prim. 

Plant States Intervals 

2a-1-->2a-2 

X 

X 

(x) 
(CVCS 

accumulators) 

2a-2--> 2a-3 

X 

X 

(X) 

X 

2a-3 ~ > . 

(x) 

(x) 

X 

X 

Ï 

Fig. 4 » 2a/3 AM-Mèasures Applicable to 
Plant State Intervals for 
Accident Sequence 2a 

(2a-2 --> 2a-3) "i 
Plant State 

Plant State 
Interval 

Accident Sequence 
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Bleed Sec: (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 

Opening Safety- or relief Valve sec. 
Feed water tank, mobile pumps 
Depress. PRZ valves 
(LPJ)i CVCS, Accumulator 



4.2 b Loss of HP1 on demand following a small break LOCA on the reactor 
vessel 

This sequence is the same as the previous one. 
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4.2 c Loss of HP1 on demand following a medium break LOCÀ 

Initial and boundary conditions 

- Medium primary break at full load 
- Combined with loss of high pressure injection on demand. 

A medium break is defined as a reactor coolant system rupture of such a size that 
the primary pressure falls lower than the secondary one but remains higher than 
the LPIS head. ' 

Except, the HPIS, all safety systems are available, see tabje below. 

Available safety systems 

Shutdown rods 
Aux. f eedwâter 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS (RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 
+. 
+ 
• -

+ 
+ 
+ 

Sump water inventory 
HP! (sump recirc.) 
LPI (sump retire) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment spray 

+ 
- ; 

+ 
+ 
+ 
+ 
+ -
+ 

+ available - unavailable 

Fig. 4~2c/1 Brief Scenario Description 
Accident Sequence 2c: Loss of HPIS on 
Demand following a Medium LOCA 
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Description of Plant States (PS) and Plant State Intervals (PS1) 

The relevant plant states (PS), plant state intervals (PSI) and associated 
thermal hydraulic parameters of sequence 2c are shown on f ig ; 4-
2c/2. 

2c-0-^2c-l - The subcooled f low rate at.the break rapidly reaches its 
maximum and then decreases with pressure to a value corresponding 
to saturated liquid conditions. The préssurizer. empties and the RPV 
water inventory decreases. . * 
The primary pressure drops to a value slightly above the secondary 
one. The latter rises and reaches a plateau imposed by the turbine 
bypass system set point (in case of loss of off site power to the setpoint 
of the relief valves). This state isof very start duration. 

2c-1 -» 2c-2 - The primary and secondary pressures stay at their - . 
plateau values until the loop seals clear. The break flow changes then 
f rom 2-phases to steam conditions and the primary pressure drops 
further, remaining higher than the.LPIS pumps head. 
Thé primary inventory increases temporarily with accumulators 
injection, and afterward decreases further whenthe accumulators are 
empty or isolated. The core can temporarily be uncovered twice 
during this PSI, just before the loop seals clearing and the 
accumulators injections. 

This state interval is characterised by; 
- low primary water inventory, 
- no primary subcooling margin, 
- low primary pressure (lower than the secondary one but higher 

than LPSI head) 
- all steam generators are available (ÀFW, relief valves, no activity), 
- abnormal containment pressure, activity and sump level. 

2c-2 -»2c-3The decreasing vessel level falling below the top of the 
core, the cald tempertures quickly rise (several Ks per second). 

The primary pressure, still higher than the LPIS cut-off pressure, 
precludes the LPS injection. This state interval has the same 
characteristics then the above interval except: 
- primary water inventory becomes very low. 
-'. RPV outlet temperature increase (superheat). 
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P<bar)/K 

<§>© 
200/100 

Tec) 

time 

I Plant States 

Primary 
- pressure bar 
- temperature RPV, °C 
- RPV inventory % 
- 'corepower,% 
- pressurizer inventory, % 

Secondary 
~ activity 
- pressure, bar 
- inventory, % 

Containment 
- activity 
- pressure, bar 
- sumpievel 

Systems 
- RWST level 
- AFW tank level 

Out Containment activity 

Plant State Description 

2c-0 

155 
327 
100 
100 
66 

no 
. 58 

100 

no 
normal 

very low 

>max 
> max 

no 

- ful l load 
- medium 

break 
- scram 

2c-1 

75 
290 
90 

decay . -
0 

no 
70 
80 

yes 
> 1.4 
high 

< max 
< max. > min 

•no 

- 2-phase/steam 
beak flow 

- accumulators 
inject 

2c-2 

15 
190 
30 

decay 
0 

no 
40 
100 

yes 
> 1.4 
high 

< max 
< max, > min 

no 

- beginning of 
core 
uncovering 

2c-3 

12 
700 
20 

decay 
0 

no 
30 
100 

yes 
> 1.4 

high 

< max 
< max, > min 

no 

- RPV exit 
•superheat 

Fig. 4-2c/2 Plant States and associated Parameters 
Accident Sequence 2c: Loss of HPIS on Demand 
following a Medium LOCA 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown on f ig. 4-2c/3. 

2c-0 -> 2c-1 - No AM-meausré applicable 

2c-1 -» 2c-2 - LOCA has been identified. The primary pumps are 
tripped. A secondary depressurisation is carried out \r\ order to cool 
down the primary system at a fixed rate and réduce its pressure. After 
identification of the loss of HPI, a secondary depressurisation at 
maximum rate is undertaken by opening the turbine bypass system at 
its maximum (in case of loss of offsite power the relief valves), in 
order to reach, as soon as possible, a primary pressure allowing LP'IS 
injection. If possible the chemical and volume control system injection 
has to be increased at its maximum. 

2c-2 -» 2c-3 '- The previously described maximum depressurisation 
may be actuated during this PSI. In addition, based on a high core exit 
temperature (700 °C or 200 °C superheat) or a vessel very low level 
(11 %), the primary system can be depressurized by opening of the 
pressurzizer PORVs to reach the LPS injection and, if the latter is 
unavailable, to avoid a high pressure core melting. 

2c-3 - » - Core exit temperature istoo high ( > 700 °C) and a cooling 
down by steam generators may not be efficient. This action may be 
undertaken but it must be associated with opening of the préssurizer 
PORV's. 
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AM-Measures 

Bleed Sec, 
(Depressurizatioh) 

Feed Sec 

Bieed'Prirn. 
and . 

Feed Prim. 

Plant Stateslntervals 

2c-1 --> 1c-2 

x 

X 

X 

(CVCS, LPIS) 
accumulators 

2c-2 r >2t-3 

X 

X 

(x) 

X 

2c-2—> 

(x) 

(x). 

X 

x 

Fig. 4^2c/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Seq uence 2c 

(2c»2-.>2o3) "1 
Plant State 

Plant State 
Interval 
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Bleed Sec (Depress) 
•< Feed Sec. 

Bleed Prim. 
Feed Prim. 

Accident Sequence 

Opening Safety- or relief Valve sec. 
Feed water tank, mobile pumps 
Depress. PRZ valves 
(LPIS), CVCS, Accumulator 





4.3 Loss of Low Pressure injection oh Demand 
fol lowing: 

43a SMALL LOCA 

4.3b MEDIUM LOCA 

43c LARGE LOCA 
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4.3 Loss of Low Pressure injection on Demand Following a LOCA 

Loss of Low Pressure Injection is defined as a total loss of Low Pressure 

injection system. In this case we also ignore the RHRS and High 

Pressure Recirculation from the sump since they are dependent on the 

Low Pressure Injection System. The LPI-system starts at safety injection 

signal and a loss of the pumps can be identified thereafter. According 

to the instructions, it is necessary to try to reduce the subcooling 

margin. When there is only one pump left, the aim is to try to connect 

it into charging mode and regulate the flow on pressurizér level. This 

is possible in the case of a small LOCA. 
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43a. Loss of Low Pressure Injection on Demand following a SMALL LQCA 

Initial and Boundary Conditions 

- Small break on the primary 
- Combined with loss of Low Pressure Injection on demand 

Here a small break is defined as a rupture of the reactor coolant system of such a 
size that the decay heat cannot be removed by the leakage alone. In this 
sequence all operational and safety systems other than those dependent on 
Low Pressure Injection are available, see table below. 

This Scenario is dependent on relations between the contents of the Auxiliary 
Feedwater Tank and the RWST. In this case the Aux. Feed System stops before 
the RWST is empty. After 1/2 an hour the high pressure injection is changed into 
"charging" mode and regulated by pressurizer level. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPÏS (RWST) 
RHRS-Heatexchangers 
RHRS-Pumps 

+ 
+ 
+ 
+ 

••'+ 

- • 

* - . : 

-

Sump water inventory 
HPI (sump recirc.) 
LPI (sump recirc,) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

+ " 
-

— 

+ 
+ 
+ 
+ 
+ 

+ available . - unavailable 

Fig.4-3a/l Brief Scenario Description 
Accident Sequence 3a: Loss of Low 
Pressure Injection on Demand 
following a Small LOCA 
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Description of Plant States(PS) and Plant State Intervals (PS1) 

The relevant plant states, plant state intervals and associated 
thermohydraulic parameters of the sequence 3a are shown in f ig . 
4-3a/2. 

3a/Q - 3a/ I - This PS! is characterized by pressure drop down to the 
HPi-setpoint. After HPI setpoint is reached the pressure is stabilized at 
a pressure depending upon the LOGA-size and the number of HP! 
pumps. 

3a/1 ^3a/2- After 1/2 an hour, the High Pressure Injection is switched 
over to "charging mode" and thé secondary shutdown is initiated. 
The primary pressure and temperature is decreased by secondary 
relief during this interval. The decay heat is less than the heat 
transfered by the leak and thé steam generators. The leak f low wil l 
decrease. 

3a/2jv3a/3 - As long as there is water in the Auxiliary Feedwater Tank 
the temperature and pressure of the primary system will slowly 
decrease. Since the RHR5 is dependent upon LPi, we cannot cool 
down the primary inventory below 100 C. 

3a/3-3a/4-When the Auxilliary Feedwater Tank (CST) is empty, the 
secondary level wil l reduce and the heat transfer to the steam 
generators wil l decrease. This leads to an increase of primary pressure 
and temperature. The water wil l swell and the pressurizer level wil l 
increase above the stop level of the "charging mode". Here we 
assume that the HP pumps wil j stop and that no one will restart them. 

3a/4-3a/5 - This PSI starts with empty steam generators. According 
to the definition of a small leak we cannot remove the decay power 
by the leak.Therefore the pressure and temperature will rise to the 
region of primary safety valves. When the water level falls below the 
top of the core the cladding temp, wi l l rise quickly. The primary 
system is satuarated and there wil l be problems in level indication. 
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MhL LflEA-Mlflrt totSSuftE INJECT IDN 

300-i 100-1OÛO-, ^rtftCil/ 

280 

PlantStates 

Primary 
- pressure bar 
- temperature RPV 

outlet: °C . 
- RPV inventory % 
- cladding temp °C 

Pressurizer 
- inventory %. 
- temperature °C 

Secondary. 
- pressure bar 
- temperature °C 
- inventory % ' 

. Plant State Description 

3a.O 

155 
303 

100 
312 

100 
344 

60 
275 
100 

Normal 
operation. 

3a-l 

160 
290 

105 
300 

<100 
310 

73 
290 
95 

-L OCA idenf iied, 
HP) on. AUX feed 
on. MSIV closed, 
Sec cooldown 
starts 

3a-2 

27 
170 

125 ; ' 
180 

100 
185 

10 
180 
120 

Vessel 
depressurized 

3a-3 

7.5 
160 

. 125 
170 

100 
160 

10 
180 
120 : 

CST empty 
Accumulators 
empty 

•3a-4 ' 

i i 
180 

95 
190 

>100 
160 

0 

" 0 

-Steam 
generators 
empty 
HPI-stops . 

3a-5 

160 
>300 

• >30 
>300 

o 

0 ; 

Core start t o 
uncover . 

Fig.4-3a/2 Plant States arid Associated Parameters 
Accident Sequence 3a: Loss of Low Pressure 
Injection on Demand following a Small LOCA 
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Description of AM-Measures Applicable to PJant State Intervals 

The relevant AM-measùres are shown in f ig. 4 - 3a/3. 

3a/0 - 3a/1 - No AM-measures are applicable inthisPSL 

3a/1 -3a/2 - LOCA has been identified. A depressùrization of the 
secondary is carried out to cool down the primary system and 
decrease the break flow. Since we have lost LPI which is needed for 
both HP- an LP-recirc. primary bleed would only reduce the content of 
the RWSTfaster. 

3a/2 - 3a/3 - Feed and bleed of the secondary. Feed of the primary by 
the HPI and the accumulators as long as they are still working. 
For other plants with separate RHRS it is possible to start this system if 
the break is above the connection of the suction pipe. 

3a/3-3a/4- Bleed on the secondary still helps to reduce the primary 
pressure as long as there is enough water in the steam generators. 
Plants with other methods to feed the secondary system, for instance 
mobile pumps or fire pumps and with other available water sources 
can prolong this PSI by using them. If borated water is available from 
other sources use CVCS. Use sump-water if HPI-redrcuiation is possible 
without use of LPi-system. * 

3a/4-3a/5- Primary feed and bleed is useful, but primary water level 
indication is a problem. À depressùrization of the primary avoids 
vessel melt through at high pressure. 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed.Sec. 

Bleed Prim. 

Feed Prim. 

Accumuiators 

RHRS 

CVCS 
(if borèted water is 
available) 

HPI (sump retire. 
if available) 

3a-1->3a-2 

X 

X 

X 

X 

Plant States Intervals 

3a-2~>3a-3 

X 

X 

X 

X 

* 

3a-3->3a-4 

X 

(x) 

• 

X 

* 

* * ' 

* * * 

v . • • 

3a-4»> 

X 

(x) 

X 

X 

* 

* * 

* * * 

• - -

* Useful if separate RHRS exists and break is above tube connection. 
* * Useful if alternative water source is available 
* * * Useful if LP! are not needed as booster pumps 

Fig.4-3a/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 3a 

(3a-2 »> 3a-3) 

Plant State 
Plant State 
Interval 

Accident Sequence 

Bleed Sec. (Depress) 
1 3 1 Feed Sec. 

Bleed Prim. 
Feed Prim. 

Opening Safety- or relief Valve sec. 
Feedwater tank, mobile pumps : 

Depress. PRZ valves 
HPIS, (LPIS), CVCS, Accumulator 



4.3 b Loss of Low Pressure Injection on Demand following a MEDIUM LOCA 

initial and Boundary Conditions 

- Medium size break on the primary 

- Combined with loss of Low Pressure Injection on demand 

- Secondary cooldown after 1/2 hour 

Here a medium break is defined as a rupture of the reactor coolant system of 

such a size that the pressure tends to stay higher than the Low Pressure Injectic 

head if no cooling is available. In this sequence all operational and safety systei 

other than those dependent upon Low Pressure Injection are available,see tab 

below. 

Available safety systems 

Shutdown rods . ; . ' 
Aux. feedwatêr 
Controlled steam relief (relief valves) 
Steam relief (safety va Ives) 
HPfS(RWST) 
LPIS (RWST) 
RHRS-Heat exchangers 
RHRS-pumps 

+ 
-K 
+ 
+ 
+ 
- • 

- • 

-

Sump water inventory 
HPI (sump recirc) 
LP! (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

4- available. •-' una varia I 

Fig. 4-3b/1 Brief Scenario Description 
Accident Séquence 3b: Loss of Low Pressure 
Injection on Demand following a Medium 
LOCA 132 



Description of Plant States (PS) and Plant State intervals (PSI) 

The relevant plant states, plant state intervals and associated thermo-
hydraulk parameters of the sequence 3b are shown in f ig. 4-3b/2. 

3b/0-3b/1 -This PSI is characterized by decreasing primary pressure, 
temperature and level. HPIS injects cold water to the primary system 
and the steam generator safeties are releasing steam. The water 
content of the primary system is decreasing since the HPIS cannot. 
inject enough at this pressure. 

3b/1 -3b/2 - The water level wil l increase when accumulators start to 
inject water to the primary system. The pressure and temperature will 
continue to decrease. After 1/2 an hour a secondary cooldown starts. 

3b/2-3b/3 - When the accumulators are empty an equilibrium 
between Injected water and water removed by the break is created. 
The primary pressure and temperature will slowly decrease as this 
heat transfer and the decay heat will decrease. During this period the 
water wil l get subcooled. 

3b/3 -3b/4 - This PSI starts with empty RWST. When the HPIS stops the 
primary pressure decrease to saturation and the invessel water level 
starts to decrease. When the water level is in the lower parts of the 
core, steam gets superheated and soon the ZR-oxidation will begin. 
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Plant States 

Primary 
. - pressure bar 

- temperature RPV 
outlet °C 

- RPV inventory % 
- cladding temp °C 

Pressa rlzer 
- inventory % 
-temperature °C 

Secondary 
- pressure bar 

".- temperature°C 
- inventory % 

Plant State Description 

3b-0 

" 155 
303 

100 
310 

100 
344 

60 
275 
too 

Normal 
. operation J 

3b-1 

43 
255 

65 
265 

O 

71 
260 
105 

- Break, Indentified, 
Auxfeed.on, HPI 
on,-Accumulator1 

starts to inject, 
sec. cooldown starts 

3b-2 

24 . . 
230 

120 
230 

- 10 
210 

23 
220 
110 

- Primary system filled • 

3b-3 

7 
130 

130 
115 -

Ô 

1 
100 
125 

- RWST empty 

3b-4 

5 
150 

25 
430 

O 

A' 
140 
120 

- Core totaly 
uncovered 
Trod>Tiaf." 

Fig. 4-3b/2 Plant States and associated Parameters 
Accident Sequence 3b: Loss of Low Pressure 
Injection on Demand following a Medium LOCA 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in fig. 4 - 3b/3. 

3b/0-3b/1 - No AM-measures are applicable in this PSI. 

3b/1 -3b/2 - LOCA has been identified. A secondary depressurization 
is carried out to prevent heat transfer from the secondary to the 
primary system to occur. Feed and bleed of the primary (bleed 
through break) successful 

3b/2-3b/3-Feed of the primary successful Feed and bleed on the 
secondary as described above. 

3b/3-3b/4-Feed the primary if possible. Feed and bleed on the 
secondary still helps to reduce the. pressure and to condense steam. 
There may be different ways to feed or cool down the primary system. 
1: Use HP-pumps for recirculation if they do hot need LP-pumps as 

booster pumps. 
2: If the RHRS is not using LP-pumps try to start RHRS. The break 

must then be above the connection between primary system 
and RHRS. 

3. Use Make Up System. 
4. Use CVCS, 
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AM-Measures 

Bleed Sec 
(Depressurizatiôn) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

RHRS 

Accumulators 

CVCS 
(if borated water 
available) 

HPI (recirc.) 

3b-1->3b-2 

X 

X 

X 

X 

- -

Plant States Intervals 

3b-2~>3b-3 

X 

X 

X 

* 

X 

3b-3->3b-4 

(x) 

(x) 

X 

* 

* * 

* * * 

3b-4--> 

(x) . 

(x) 

X 

X 

* -

. * * 

* * * 

Useful if seperatë RHRS exist and break is above tube connection 
Useful if alternative water sources are available 
Useful if LPl are not needed as booster pumps 

Fig. 4~3b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 3b 

Bleed Sec. (Depress) : Opening Safety-or relief Valve sec. 
Feed Sec. : Feedwater tank, mobile pumps 

13 6 Bleed Prim. : Depress, PRZ valves 
Feed Prim. : HPIS, (IPIS). CVCS. Accumulator 

(3b-2'-> 3fa-3) m-m*1 

I > • • • „ 
1 Plant Stat<| 
Plant State interval 

Accident Sequence 



4.3 c Loss of Low Pressure Injection on Demand following a LARGE LOCA 

initial and Boundary Conditions 

- Large size break on the/primary 

- Combined with loss of Low Pressure Injection on demand 

Here a large break is defined as a rupture of the reactor coolant system of such a 

size that the pressure in a very short time becomes lower than the low pressure 

injection head. In this sequence all operational and safety systems other than 

those dependent on Low Pressure Injection are available, see table below. 

Available safety systems 

Shutdown rods 
Aux. f éedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS (RWST) 
RHRS-Heat exchangers 
RHRS-pumps 

+ 
+ 
+ 
+ 
+ 
- . 
-

— 

Sump water inventory 
HP! (sump reçirc.) 
LP! (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

. +•• 

— 

: ™ 

+ 
.+ 

• + 

+ 
+ 

+ available - unavailable 

Fig.4-3c/1 Brief Scenario Description 
Accident Sequence 3c: Loss of Low Pressure 
Injection on Demand following a Large LOCA 
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Description of Plant States (PS) and Plant State Intervals (PSI) 

The relevant plant states, plant state intervals and associated thermo-. 
hydraulic parameters of thé sequence 3c are shown in fig". 4-3c/2. 

3c/0 - 3c/1 - This PSI is characterized by decreasing primary pressure, 
In the first part of this PSI, primary pressure will decrease almost to 
containment pressure. Core will be uncovered and the accumlutarors 
wi l l f i l l up the vessel to break elevation. Containment sprays wil l start 
and depressurize both Containment and.primary system. HPIS injects 
cold water to the primary system. 

3c/1 -3c/2- Containment spray off* Constant water level in vessel 
(break elevation). Pressure and temperature in Primary stabilizing at 
low values. 

3c/2 - 3c/3 - This PSI is characterized by empty RWST. When the HPIS 
stops the invessel water level starts to decrease. The pressure and 
temperature is rising. 

3c/3- > -As the level will decrease through the core, the steam 
production is reduced and the pressure wil l decrease. In the upper 
parts of the core the fuel temperature will decrease. Soon Zirkonium 
oxidation will start and the core start to melt. 
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LAKlih LOCA NU LOW PREksW IhlJEC'IIM 

TRP'V QUI 

PRESSURE IN PRIMARY- SYSTEM 

t ime 

T ' 1 

Plant States 

-Primary 
- pressure bar 
- temperature RPV 
. out let °C •. 
- RPV inventory % 
-cladding temp °C 

Pressurizer 
- inventory % 
- temperature X 

Secondary 
Broken/Unbroken loop 

- Pressure Bar 
- Temperature 
- Inventory % 

Plant State Description 

3c-0 

155 
303 

100 . . 
310 

100 
344 -.• 

60 
275 
100 

Normal 
operation 

3o1 ' 

3,2 
135' 

'45 
>145 

• 

0 
-

71 
295 
1Q0 

t Break * 
identified, Aux 
feed on, HPI on, 
Accumulator 
empty, Spray 
stopped 

3c-2 

2,6 
130 
•45 
155 

0 
-

2,3 
155 
100 

- RWSTempsty . 

3c-3-> 

2,5 
125 

45 
>155 

. 0 
x . <• . " 

2,3 
155 
100 

- Core Heat up 
starts 

Fig.4-3c/2 Plant States and Associated Parameters 
Accident Sequence 3c: Loss of Low Pressure 
Injection on Demand following a Large Loca 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in f ig. 4 - 3c/3. 

3c/0-3c/1 -No AM-measures are applicable in this PSl. 

3c/1 - 3c/2 - LOCA has been identified. A secondary depressurization is . 
carried out to prevent heat transfer from the secondary to the 
primary system to occur. Feed of the primary by HPI-pumps successful. 

3c/2 - 3c/3 - Feed of the primary successful. 

3c/3 -3c/4 - Feed the primary if possible. There may be different ways 
to feed or cool down the primary system. 

1 : Use HP-pumps for recirculation if they do not need LP-pumps as 
booster pumps. 

2: If the RHRS is not using LP-pumps try to start RHRS.The break 
must then be above the connection between primary system and 
RHRS. 

3: Use Make up system. 
4: Use CVCS 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim. (HPI) ' 

RHRS 

Accumulators 

CVCS 
(if borated water is 
available) 

HPi.(redrc) 

3a-: 1 -*> 3a-2 

X 

X 

X 

X 

Plant States Intervals 

3a-2->3a-3 

X 

X 

X 

• * 

X 

3a-3->3a-4 

X 

X 

X 

* 

. * * 

* * * 

3a-4->* 

X 

X 

X 

X 

.* 

* * 

. * * * 

— 

* 
* * 
* * * 

Useful if seperate RHRS exist and break is above tube connection 
Useful if alternative water sources are available 
Useful if LPI are not needed as booster pumps 

Fig. 4-3c/3 AM-Measures Applicable to 
Plant State Intervals of Accident 
Sequence 3c 

(3a-2~>3a-3) n 
Plant State 

Plant State 
interval 

AcddentSequence 

Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 
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: Opening Safety-or relief Valve sec. 
: Feedwater tank, mobile pumps 
: Depress. PRZ valves 
: HPIS, (tPIS), CVCS, Accumulator. 





4.4 Loss of Controlled Secondary Side Steam Relief 

4.4a duringa.transient 

4.4b in the Case of a SMALL LOCA l 

4.4c1 in the Case of SG-Tube-Rupture, 1 tube 

4,4c2 in the Case of S-G-Tube-Rupture, 10 tubes 
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4.4 Loss of Controlled Secondary Side Steam Relief 

The loss of controlled secondary side steam relief is defined as 

complete loss (failure) of steam relief through main steam relief 

valves (MSRV) and turbine bypass valves (TBV), while only main steam 

safety valves (MSSV) are functioning normally. This can be caused by 

failures of mechanical function, and/or of electrical signai! trans

mission on the MSRV and TBV systems. 
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4.4a Loss of Controlled Secondary Side Steam Relief during a Transient 

initial and Boundary Conditions 

- Lossof load initiates a transient. 

- Lossof controlled secondary side steam relief 
(only MSSVfunctioning normally). 

- Auxiliary feedwater storage is limited. 

The present case considers an abnormal transient during operation, but followed 
with lossofcontrolled secondary side steam.relief through MSRV as an additional 
failure Breaks on the secondary side pressure boundary were deleted from the 
aspect of steam relief requirement as AM measures. 

A case for the loss of load has been selected here, where the largest pressure 
transient woujd result. The loss of load involves interruption of steam and/or 
feedwater paths by turbine trip, generator tr ip, IV1SIV closure, etc. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPJS (RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 

+ 
+ . 
+ 
+ 
+ 

Sump water inventory 
HPI(sump recirc) 
LPI (sump reçirc) 
AC power supply 
SG isolation 
Pressuriser relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

+ 
—" 

+ 
+ 
-f-
+ 
+ 

. 4: • 

+ available . - unavailable. 

Fig. 4 - 4a/l Brief Scenario Description 
Accident Sequence 4a: Loss of Controlled 

Secondary Side Steam Relief during a 

Transient (Loss of Load) 
. . . • , 1 4 5 • 



Description of Plant States (PS) and Plant State Intervals (PS1) 

The relevant plant states, plant state intervals and associated thermal 
hydraulic parameters of the sequence 4.4a are shown in f ig. 4~4a/2. 
This dâigram indicates a basic concept of the event. 

4a/0 • 4a/1 - This PSI begins with loss of load as the initiating event, 
and the reactor trips by a "high reactor,pressure" signal. During this 
short interval, the SG pressure rises to the MSSV operation set-point 
resulting from turbine tr ip. Steam relief from MSRV is supposed to 
fail. . \ 

4a/1 -4a /2-Dueto reactor trip but with MSSV operation, the primary 
side pressure and temperature momentarily decrease and then 
gradually move to a stabilized condition, as a result of heat balance 
between decay heat and SG cooling. This situation continues during 
the period when auxiliary feedwater supply and steam relief by MSSV 
are available. This PSI is supposed to end when the auxiliary 
feedwater source is exhausted. 

4a/2 - 4a/3 - Having no auxiliary feedwater at this PSI, the SG 
secondary side inventory starts decreasing by evaporation, which 
eventually leads to zero inventory. In the course of this process, the 
primary side pressure and temperature gradually increase due to the 
decrease of SG cooling, and then the pressure reaches the level at 
which the PORV starts its operation, as resulted from loss of SG 
cooling. 

4a/3 -4a /4 - The primary side pressure is kept about constant in this 
phase, around 164 bar by PORV operation. Because SG cooling is 
already lost by the emptied AFWT, the primary temperature further 
increases and then reaches saturation at 348 °C, with boiling initiation 
at that point. During this period, the pressurizer inventory increases 
and then reaches 100 %, by swelling of primary coolant. This ait first 
causes liquid phase release, then two phase release in.the saturated 
condition, and makes the pressurizer inventory to decrease after a 
while. In the course of this process, the RPV inventory is gradually lost 
and results in core uncovery at its end. 

; . ' " • • 1 4 5 

j * • " • • . • 

i:. • ! 



, . . . , -U-. . . - .A . < • . • - , * * • 

147 

CL 

E 
a-foXi • C2J 

% 'C 

-380-

® 
bar 

-200-
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I Primary Pressure 

^JvVvWMrwvvvvw\\^^ 

pull
 NReactor 

Load i Trip 

AFWT Empty Secondary Empty 
Set Point of PORV 
Loss of Prim. Inventory 

Core Uncovery 

Plant States 

Primary 
- pressure bar 
- "temperature RPV 

o u t l e t s 
- RPV inventory % 
- cladding temp °C 

Press urizer 
- inventory % 
- temperature X 

Secondary 
- pressure bar , N 

- temperature °C 
- inventory % 

Plant State Description 

4a-0 

160 
325 

100 

60 
346 

64 
278 
100 

Full Load 

4a-1 

-170 
-330 

100 

- 7 5 

- 9 0 

- 3 0 3 * 
-100 

- Reactortrip 

4a-2 

-155 
-.315 

100 

- 6 0 

- 9 0 
- 3 0 3 * 

. - 100 . 

- AFWF lost 

4a-3 

-164. 
-320 

100 

- 7 5 

- 9 0 

- 3 0 3 * 
0 

-.PORV open 

4a-4 

-164 
-348 

- s o " ' • 

' - 1 0 

- 9 0 

- 3 0 3 * 
0 

- Core uncovery 

Saturated temperature 

Fig. 4 - 4a/2 Plant States and Associated Parameters 
Accident Sequence 4a: Loss of Controlled 
Secondary Side Steam Relief during a 
Transient (Loss of Load) 



• Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown inf ig.4-4a/3. 

; 4a70 - 4a/2 - At these initial two stages, no critical safety influence 
would be existing as long as the auxiliary feedwater supply is 
available. Loss of controlled secondary steam relief has been 
identified. An early depressurization of the secondary side can be 
carried out by MSRV, and if possible by MSSV, on manual operation, 
and maintain feedwater to thé SG secondary side. 

4a/2 - 4a/3 - The SG secondary side inventory starts decreasing in this 
PSI. Hence, feed and bleed on the secondary side can be considered as 
described above. Also, attempts can be made to restore water 
inventory in feedwater storage tank. Also, feed and bleed on the 
primary side can be carried out as a helpful measure, by 
depressurizing through the pressurizer reiief and safety valves 
followed by HPI, accumulator injection and LPI. 

4a/3 - 4a/4 - At this PSI with the secondary side inventory being 
exausted, feed and bleed on the secondary side is effective if 
available. Also, feed and bleed on the primary side is effective here 
for cooling and restoring the RCS inventory. 

4 • 

4a I A + - Core uncovering can bé avoided by feed and bleed on the 
primary side. If feed should be continued for a long time, sump water 
recirculation mode is necessary. If feed is not successful, high pressure 
core melt has to be avoided at least by primary bleed. 
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AM-Meas ures 

Bleed Sec. 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

Restore Water 
Inventory inFeed 
Water Storage Tank 

4a-1 --> 2 

X 

X 

' • 

(x) 

Plant States Intervals 

4a-2 - > 3 

X 

X 

, (x) 

( x ) •". 

X 

4a-3-->4 

X 

• ' 

x 

X 

X 

X 

. 4a-4-> 

X 

X 

' 

Fig.4-4a/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Séquence 4a 
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Bleed Sec; (Depress) 

Feed Sec. 
Bleed Prim. 
Feed Prim. 

(4a-2 --> 4a-3) 

" I 
Plant State 
Interval Plant State 

Accident Sequence 

:" Opening Safety-or relief 
Valve sec. 

: Feedwater tank, mobile pumps 
: Depress. PRZ valves 
: HP1S,<LPIS),CVCS, Accumulator 



4.4b Loss of Controlled Secondary Side Steam Relief in case of SMALL LOCA 

Initial and Boundary Conditions 

- Small LOCA durihg.power operation 
- Loss of controlled secondary side steam relief 

(only MSSVfunctioning normally) 
- Borâtedwater in RWST is limited 
- Sump water recirculation mode of HPI is not considered 

Blowdown f low after a small LOCA results in decrease of the primary si< 
pressure, which then makes the reactor trip and also starts SI injection. Loss 
controlled secondary steam relief by MSRV is considered as an additior 
condition. The SG secondary side pressure increases in the beginning due to he 
input from the primary side, and then "stays at about constant by MS! 
operation. The SI injection stops due to limited water source in RWST, then t l 
RCS inventory starts to decrease and finally results in core uncovery: Sump wat 
recirculation mode of HPI is not considered here, following the existing design 
some plants. 

If the secondary feédwater storage is exhausted before SI injection stops, f< 
example in case of big RWST or high pressure recirculation mode available, tr 
sequence would become similar to that of 4.4a 
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Available safety systems 

Shutdown rods 
Aux. f eedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 
- • . 

+ 
• + . 
+ 
+ 
.+ 

Sump water inventory 
HPI (sump reçirc) 
LPI (sump recirc) 
AC power supply 
SG isolation 
Pressurizer relief valve(s) 
Pressurizer safety valve(s) 
Containment cooling system 

+ '• 
— 

+ 
+ 

• + 
+ 
+ 
+• 

-f available - unavailable 

Fig.4-4b/1 Brief Scenario Description 
Accident Sequence 4b: Loss of Controlled 
Secondary Side Steam Relief in case of 
SMALL LOCA 151 



Description of Plant States (PS) and Plant States Intervais (PSI) 

The relevant plant states, plant state intervals and associated thermal 
hydraulic parameters of the seqûencs 4.4b are shown in f ig. 4-4b/2. 
Thisdaigram indicates a basic concept of the event. 

4b/0 -• 4b/1 - This plant interval begins with a small LOCA as the 
initiating event, and constitutes an initial phase of the pressure 
transients. As a result of small LOGA blowdown flow, the primary side 
pressure decreases to a level to make the reactor trip, and then the 
pressure more quickly decreases to a level at which the S! signal is on. 
The secondary side pressure is kept about constant prior to the 
reactor ttrip, but then, rises to MSSV operation set-point resulting 
from turbine trip. 

4b/1 -4b/2 - The SI starts its injection. The RCS inventory continues to 
decrease by blowdown f low in the early phase, but after a while, the 
SI injection balances the blowdown loss and makes the RCS inventory 
to be stabilized approximately. In the meantime, the secondary side 
pressure and temperature are maintained about constant by MSSV 
operation, and the primary side pressure is also kept constantly heat 
balance relation during this process. The SI flow is assumed to stop by 
exhausted water source in fiWST. 

4b/2 - 4b/3 - After the SI f low stops, the RCS inventory starts 
decreasing under the small LOCÀ condition, and eventually results ih 
core uncovery. The primary and secondary side pressure and 
temperature are still kept about constant prior to core uncovery. 

4b/3 - 4b/4 - Fuel heat up starts as a result of core uncovery, and the 
primary side temperature also increases. During this period, the 
primary and secondary side pressure is kept unchanged by steam 
releasefrom MSSV. 
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/ \ 
Full-Load SI Start 

SI Stop Core Uncovery Deep Core Uncovery 

. Pfant States 

Primary 
- pressure bar 
- temperature RPV 

outlet °C 
'"- RPV inventory % . 
- cladding temp °C 

Pressurizer 
- inventory % 
- temperature *C 

Secondary 
- pressure bar 
-temperature °C 
- inventory % 

Piant State Description 

4b-0 

. 160 
327 

100 
-346' 

60 
346 

64 
278 
100 

Full Load 

4b-1 

-120 
-320 

-100 
-323 

0 

- 9 0 
-303* 

-100 

- start of safety 
injection 

4b-2 

-115 
. 315 

-100 
-320 

0 

- 9 0 
-303* 
-100 

-SfStop 
(HPI unavailable). . 

4b-3 

- 9 5 
306 

- 5 0 
-306 . 

0 

- 9 0 
-303* 
-100 -

- Core uncovery 

4b-4 

- 9 5 
• >600 

' - 4 0 
>1200 

0 

- 9 0 
-303* 
-100 

- Core uhçovëry 
advanced 

Saturated temperature 

Fig. 4-4b/2 Plant States and associated Parameters 
Accident Sequence 4b: Loss of Controlled Secondary 

Side Steam Relief in case of SMALL LOCA 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in f ig. 4 - 4b/3. 

4b/Q • 4b/2 - At these initial two stages, no critical safety influence 
would be existing as long as the SI injection is available. The transient 
during these PSIs is similar to the previous case, i.e., loss of load, 
except that the primary side pressure and inventory show a sudden 
decrease in the early phase due to a small LOCA condition. Loss of 
controlled secondary side steam relief has been identified. Feed and 
bleed on the secondary side is effective here, and this can be 
accomplished by an early depressurizatîon on the secondary side by 
MSRV and if possible by MSSV on. manual operation, and by 
maintaining feedwater to the SG secondary side. 

4b/2 - 4b/3 • The RPV inventory starts decreasing quickly due to the 
exhausted Sj water source in RWST. Attempts can be made to restore 
water source in RWST, but this is not necessarily guaranteed. Here, 
feed on the primary side is needed, which is possibly achieved by 
operation of CHP, and HPI in recirculation mode-time limited. The 
primary side pressure has to be lowered sô that accumulator and LPi 
(sump circulation mode) will become available. Thus, feed and bleed 
on the secondary side is still the preferred measure to cool and 
depressurize the primary side. If the secondary side feed and bleed is 
not- sufficient to depressurize the primary side, the primary side 
bleeding can be carried out by depressurizing through the pressurizer 
relief and safety valves, but carefully noting the RCS inventory level. 

4b/3 - 4b/4 - Core uncovery initiates at this stage, hence, feed and 
bleed on the primary and the secondary side can be carried out as 
described above. In addition, HPI (sump water recirculation mode) is 
preferred for use to feed to the primary side at higher pressure, but 
only if it is available from the system design. 

4b/4 +.- Heat up continues. So, follow the same procedure. 
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AM-Measures 

Bleed Sec 
(Depressurization) 

Feed Sec 

Bleed Prim. 

Feed Prim. 
- CHP! 

- HP1 in recirculation 
mode-time limited. 
(when available) 

Restore Water 
Inventory in RWST 

4b-1 ~ > 2 

X 

X 

X 

Plant States Intervals 

4 b - 2 - > 3 

X 

X 

X 

X 

4b-3-->4 

X 

X 

(x) 

X 

x 

4b-4--> 

X 

X 

X 

X 

X 

- — 

Fig. 4-4b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Seq uence 4b 
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Bleed Sec. (Depress) 

Feed Sec. 
Bleed Prim. 
Feed Prim. 

(4b-2 --> 4b-3) — , 

I ^ 
Plant State 

Accident Sequence 

Plant State 
Interval 

: Opening Safety-or relief 
Valve sec. 

: Feedwatertank, mobile pumps 
: Depress. PRZ valves 
: HPIS, (LPIS), CVCSr Accumulator 

H PI from sump. 



4.4c1 Loss of Controlled Secondary Side Steam Relief in Case of SG-Tube-
Rupture, 1 tube 

Initial and Boundary Conditions 

- Steam generator-Tube rupture (1 tube) at full power load 
- Additionally Total Loss of controlled secondary side steam relief 
- No operator action 

In this sequence it is assumed that the MSL will remain intact, because ; 

waterioads in the MSL of thé affected SG are low due to the continuous mass-l 
by the operating MSSVs. So the only consequential failure to be taken ii 
account is a stuck open or closed MSSV (AS A RESULT OF THE LONG TÈ 
CYCLING), Because closure of the secondary side has not been carried out by 
reactor protection system, depressurization o f all SGs is still possible. In case c 
stuck open MSSV the scenario is similar to sequence 8a, with the same A 
meaisures to be applied. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) + 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 
— • • 

( # ) 

+ 
+. 
+ 
+ 

Sump water inventory 
HPI (sump recirc.) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

+ available # disturbed . - unavailable 

Fïg.4-4c1/1 Brief Scenario Description, Accident 
Sequence 4c1 : Loss of Controlled Secondary 
Side Steam Relief with SG-Tube Rupture, 1 t i 
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Description of Plant States (PS) and Plant State Intervais (PSI) 

The relevant plant states, plant state intervals and associated thermo 
hydraulic parameters of the sequence 4.c1 are shown infig.4~4c1/2. 

4c1/0 - 4c1/1 - After the rupture of a single S6 tube, scram and 
turbine trip are initiated due to the high activity level in the affected 
MSL As a consequence of the break in flow, the primary pressure 
decreases rapidly together with the level in the pressurizer. This leads 
to the initiation of the ECC-Criterion which activates the start of the 
HPIS and the cast down of the RCPs. The pressure on the secondary 
side is controlled bythe MSSV releasing activity into the environment. 
The water level in the affected SG increases while the water level in 
the intact SG.is lowered to 1m below its initial value by the start-up 
and shut-down-pumps. It is assumed, that the main feedwater pumps 
are not availble due to the loss of offsite power. 

4c1/1 - 4c1/2 - After about 1 hour the affected SG is going to 
overflow and water will enter the MSL Due to the continuous loss of 
vapour bythe cycling MSSV, water inventory in the MSL remains low 
and saturated. Therefore an MSL-break or condensation occurs which 
could initiate the closure of the secondary side* 

4c 1/2 - 4c1/3 - The long-term cycling of the MSSV especially in 
conjunction with a two-phase discharge may lead to a stuck closed 
valve after a while. However, this failure does not have any 
consequences on the further pressure control in the aff. SG, because 
all SG are still connected by the MSL-Collectdr. After appr. 30 hours 
the auxilary feedwater tanks„are exhausted and the int. SGs are going 
to dry out. 

4c1/3 -4c1/4- Because heat removal from primary to secondary only 
takes place in the aff. SG, liquid level in this SG is decreasing 
continuously due to vaporization. Dry out of the aff, SG will occur —2 
hours later. After this t ime, primary pressure and temperature are 
starting to rise until the setppint of the PRV is reached. 
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4c1/4 - ,4d/5 - During the following time period the RPV is cycling 
discharging water in a saturated condition into the containment. This 
causes a rapid decrease of the primary coolant inventory. 

4.1c/4 - After the core becomes uncovered, a fast heat up of the core 
takes place. 
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Plant States 

Primary 
- pressure bar 
- temperature core inlet °C 
- RPV inventory % 
- cladding temp °C 
- total leak massflow kg/s 

Pressurizer 
- inventory % 
- temperature "C 

Secondary 
- pressure aff. SG bar 
- pressure int. SG bar 
- . temperature aff. SG °C 
- temperature tnt.SG "C-
- coll. level aff. SG % 

(inventory 
- coll. level) int. SG % 

(inventory) 

Plant State Description 

4c1-0 

.158 
290 
100 

-330 
—35 (max.) 

<100 
340 

€4 
64 

270 
270 
- 7 0 

- 7 0 

-Scram due to 
high activity 
level in MSL 

-Turbine tr ip 
- ECC-Criterjon 
- RCP'soff 
-Start of HPI 

4c1»1 

110 
-300 
100 

~330 
—25 

- 1 2 
315 

4c1-2 

110 
- - 3 3 0 

100 
-330 

- 2 5 

- 1 2 
315 

4c1-3 

' 110 
- 3 0 0 

100 
• -330 

~o 

- 1 2 
315 

4c1-4 

-167 
- t s 
90 

-360 
- 0 

100 
-350 

no deta i led analyses available (est imated values) 

88 
88 

- 3 0 0 
- 3 0 0 
>100 

-70 

-af f .SG 
overfflosw 

- Water levels 
on secondary 
side o f int. SG 
are controlled 
by aux. 
feedwater 

88 
8$ 

- 3 0 0 
-300 
>100 

- 7 0 

- Failure of 
MSSVinaff. 
SG to open 

- 1 1 0 
88 

- 3 0 0 
-300 

- 2 0 

0 

* Int. SG dried 
out after aux. 
feedwater has 
exhausted . 

- Level aff. SG 
> min 

, 
88 

-
-300. 

0 

0 

- Setpointof 
PRV reached • 

- Start of ' 
PORVs cycling 

Fig.4'-4c1/2b Associdet Parameters, Accident Sequence 
4c1 : Loss of Controlled Secondary Side 
Steam Relief with SG-Tube-Rupture, 1 tube 
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Description of AM-Measures Applicable to Plant State intervals 

The relevant AM-measures are shown in f ig. 4 -4c1/3. 

It is assumed, thatthe first operator intervention will not be 
performed until after 30 min„ At that time the HPi is already 
operating, filling up the affected SG while on the secondary side the 
pressure is controlled by the MSSV. The accident is still within design-
basis limits. 

4c1/0 - 4c1/1 - In order to reduce the leakage to the secondary side 
and to slow down the rising water level in the affected SG, the first 
AM measure is to switch off 3 of the 4 HPI-pumps, after the ECC-
Criterion "Low level in pressurizer" has been overridden. One HPi-
pump is left running to compensate for the leak mass-flow, which will 
keep the primary side filled. 

Providing this action is performed successfully, the next step is to 
recover the relief function of the MSRV, in order to perform a fast 
depressurization of the intact SG. If the recovery of the relief function 
should fail, the operator should try to open the MSSV manualy. 

Prior to the depressurization the operator has to deactivate the 
dp/dt-signal to avoid the closure of the secondary side. Otherwise, it 
is very difficult to cool down the aff. SG due to the interruption of 
natural circulation. 

If the depressurization of the secondary can be initiated already after 
1 hour, then the cycling of the MSSV in the aff. SG under two-phasë-
flow condition will last only a short time so that à malfunction of the 
valve is very unlikely. 

4c 1/1 -4c1/3 - Secondary depressunzation Is still the appropriate AM-
meaure. After the aux. feedwater is exhausted/the low pressure 
mobile pump should be activated for long-term cooling. At this stage 
only one MSRV or MSSV is necessary to be opened for depressurizing 
the SGs. 
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4c1/3 - 4c1/5 - Secondary feed and bleed is effective as long as fthe 
core is covered by the f luid. Later on, when the core becomes 
uncovered, then primary bleed and feed can avoid core melt at high 
pressure. 
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AM-Measures 

Feed Sec. (mobile 
pump) 

Bleed Prim. 

Feed Prim. 
(alternative prim, feed 
with make-up system) 

Secondary cooidown 

RHRS 

Shut down of HPI 
after overriding ECC-
Criterion 

Reset of secondary 
closure 

Bleed Sec, with the 
still working MSSV 

Plant States Intervals 

4c1-0--> 
4c"M 

X 

4c1-1 - > 
4c1-2 

X 

(x) 

x 

X 

. X 

4c1-2-->. 
•4c 1-3 

• 
X

 
X

 
X

 
X

 
-

X
 

4 d - 3 - > 
4c 1-4 ' 

(x) " 

x 

(x) 

(X) : 

(x) 

>4c1-4 

'X 

Fig.4-'4c1/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 4c1 

Bleed Sec. (Depress) 

163 
Feed Sec. 
Bleed Prim. 
Feed Prim. 

(4CI-2 --> 4c1-3) 

! 
Plant State 

n 
Plant Stat' 
interval 

Accident Sequence 

Opening Safety-or relief 
Valve sec.. 
Feedwatertank, mobile pumps 
Depress. PRZ valves 
HPIS, (LPIS), CVC5, Accumulatoi 
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4.4ç2 Loss of Controlled Secondary Side Steam Relief in Case of SG-Tube-
Rupture, 10 tubes 

Initial and Boundary Conditions 

- Steam genertor.-Tupe rupture (10 tubes) at full power load 
- Additionally Total Loss of controlled secondary side steam relief 
- No operator action 

Due to the fact, that the .operator cannot avoid SG-overflow a MSL-Break an 
stuck open or closed MSSV are to be expected as a result of high water loads , 
the Iong~term water discharge out of the MSSV. The consequences of the IV 
Break are negligible,because the leak will be detected arid isolated by the Rea< 
Protection System vyith in a short time. 

In case the IVISSV fails in the open position the scenario is similar to sequence 
appyling the same AM-measures. 

If the IVISSV should fail in a closed position, the operator has to perforr 
depressurization of the secondary side in order to keep the primary press 
below the design-pressure of thé SG. 

If this measure is not successful before the aux. feedwater supply is used 
integrity of the aff. SG can no longer be guaranteed. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) + 
HPIS(RWST) 
LPIS (RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+, 

( # ) 

+ 
+ 
+ 
+ 

Sump water inventory 
HP1 (sump recirc.) 
LPI(sumprecirc) 
AC power supply 
SG isolation 
Pressurizer relief valve(s) 
Pressurizer safety yalve(s) 
Containment cooling system 

+ available # disturbed - unavai!abl< 

Fig.4-4c?/1 Brief Scenario Description 
Accident Sequence 4c2: Loss of Controlled 
Secondary Side Steam Relief with SG-Tube 
Rupture, 10 tubes 



Description of Plant States (PS) and Plant States intervals (PS1) 

The relevant plant states, plant state intervals and associated thermal 
hydraulic parameters of the sequencs4.c2 are shown in fig. 4-4c2/2. 

In the case of a multiple SGTR (10 damaged tubes) the accident 
scenario is very similar to sequence 4c1, except that the time response 
is much shorter. This circumstance leads to the fact, that 15-30 
minutes after the beginning of the transient the plant is already 
outside its design-basis limits. Because of the larger leak mass-flow 
the depletion of the RWSTwill also occur earlier. 

4c2/0 - 4c2/1 - After the rupture of 10 SG tubes, scram and turbine trip 
is initiated due to the high activity in the affected MSL As a 
consequence of the break in flow the primary pressure decreases 
rapidly together with the level in the pressurizer. This leads to the 
initation of the EÇÇ-Çriterion which activates the start of the HPIS and 
the cast down of the RCPs. Due to the definition that the relief valves 
are not available the pressure on the secondary side is controlled by 
the JVISSV releasing activity into the environment. The water level in 
the affected SG goes up while the Mater level in the intact SG is 
lowered to i m below its initial value by the start up- and shut-down 
pumps. It is assumed that the main feedwater pumps are not 
available due to the loss of offsite power. 

4c2/1 - 4c2/2 - After about 15 minutes the affected SG is going to 
overflow and subcooled water will enter into the.MSL Because the 
MSLs are not designed for large dynamic water loads it is assumed a 
MSL-Break outside the containment. The fast.pressure drop in the 
MSL leads immediately to the closure of the secondary sides and thus 
the Break is isolated. . 

4c2/2 - 4c2/3 - After closure of the secondary side, cycling of the 
MSSVs continues. At this stage the valve-discharge in the aff. SG l$ 
mostly of water, which may lead to a stuck closed valve. 

According to the already performed closure of the secondary side, the 
pressure in the aff. SG increases very quickly to the level of the 
primary 
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side which is between 105 -110 bars, as long as the SGs are supplied 
with water. After approx. 30 hours the auxiliary feedwater tanks are 
exhausted and tke intact SG are going to dry out. 

4c2/3 - 4c2/4 - Because heat removal from pirmary to.secondary can 
only takes place in the aff. SG, liquid level in this SG is decreasing 
continuously due to vaporization. Dry but of the aff. SG will accur 2-3 
hours later. Afterwards primary pressure and the pressure iri the aff. 
SCa.will start to rise until the setpointof the PRV is reached. 

At this pressure level the affected SG has far exceeded its design limit 
and ruptures somewhere in the component are to be expected. In this 
case, the sequence would lead to core melt in a very short time. 
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Plant States 

Primary 
- pressure bar 
- temperature core inlet T 
- RPV inventory % 
-• cladding temp °C 
- total leakmassflow kg/s 

Pressurizer 
- inventory % 
- temperature *C 

Secondary 
- pressure aff. SG bar 

. - pressure int. SG bar 
- temperature aff. SG eC 
- temperature int.SG "C 
- colt, level aff. SG% of 

total heigh 
• coll. level int. SG% of 

total height 

Plant State Description 

c2-0 

158 
290 
100 

-330 
-35 (max.) 

<100 
340 

64 
64 

270 
. 270 

- 7 0 , 

• - 7 0 

- Scram due to 
high activity 
level in MSL-

-Turbine tr ip 
- ECC-Criterion 
-RCP'soff 
-Start of HPI 

C2-1 -

108 
• - 290 

100 
- t s 

-100 

- 1 2 
300 

88 
88 

-360 
-300 
>100 

-70 

-af f .SG 
overflows 

-Waterlevels . 
on secondary 
side of int. SG 
are controlled 
by aux. 
feedwater 

c2-2 

108 
- 2 9 0 

100 
~ts 

-100 

-12 
300 

c2-3 

105 
- 2 9 0 
. 1 0 0 

~<ts 

~° 
- 12 
300 

c2-4 

- 167 
- 3 5 0 

85 
-360 

- 0 

100 
. -350 

no detai led analyses avai lable 

(estimated values) 

88 
88 

-300 
. - 3 0 0 . 

>100 

- 7 0 

- Closure of the 
secondary 
side due MSLB 

- Failure of 
MS5Vinaff. 
SG t o open 

-105 
88 

-300 
^-300 

- 2 0 

0 

- int.SG dried 
out after aux. 
feedwater has 
exhausted 

- Level aff. SG 
> m i n 

167 
88 

-350 
-300 

0 

0 

- Start of 
PORV's 
cycling 

Fig. 4-4c2/2b Associated Parameters Accident Sequence 4c2 
Loss of Controlled Secondary Side Steam Relie 
with SG-Tube Rupture, 10 tubes 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-meas.ures are shown in f ig. 4 » 4c2/3. 

It Is assumed that during the first 30 m in of the transient the operator 
will not intervene. By this time, the affected SG has already been 
filled up by the operating HPIS and the closure of the secondary side 
might have already been initiated. 

So the first plant interval, where actions are to be taken, is 4c2/2 -
4c2/3. 

4c2/2 - 4c2/3 - In this sequence the most effective AM-strategy is to 
minimize the phase of water discharge at the MSSV, so that the 
probability of a stuck closed {or open) valve is very low. 

Under this circumstances, 3 of the HPI-pumps are to he shut off as 
early as possible. The last pump is left running to compensate for the 
high leak mass-flow thus keeping to primary side filled. 

Futhermore, a depressurization of the intact SG is necessary to let the 
operating MSSV in the affected SG be closed. The depressurization 
can either be performed by the MSSVs, which are to be opened 
manually, or the operator should try to recover the relief function. It 
might be necessary to interrupt the depressurization from time to 
time in order to stabilize the natural circulation in the affected loop, 
which is necessary to cool down the affected SG. 

In case, that a failure of the MSSV in the affected SG (in closed 
position) could not be avoided, the operator has to act in the same 
way as described above. 

. > 4c2/3 - Early in this plant state interval the depressurization.of the 
int. SGs and feeding by the low pessure mobile pump will still be 
effective. 

Later, primary bleed can avoid damage of the aff. SG in the case of a 
stuck closed MSSV as well as core melt at high pressure. 
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AM-Measures 

Feed Sec. 
(mobile pump) 

Bleed Prim. 

Feed Pri rn. (alternative 
prim, feed with make^ 
up system) 

Secondary cooidown 

RHRS 

Shutdown of HPI 
after overriding ECG 
Criterion 

Reset bf secondary 
closure 

Bleed Sec. with the 
still working MSSV 

Plant States Intervals 

4c2-0«> 
4c2-1 

4c2-1 - > 
4c2-2 

X 

X 

X 

X 

4C2-2 - > 
4c2-3 

X 

• ' 

X 

X 

X 

4c2~3 ~ > 
4c2-4 

(x) 

(x) 

(X) 

•-

> 4c2.4 

X 

Fig. 4-4C2/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 4c2 

Bleed Sec. (Depress) 

Feed Sec. 
Bleed Prim. 
Feed Prim.. 
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(4c2-2~>4c2-3) 

I 
Plant State 

Accident 

Plant State 
Interval 

Opening Saf ety-or relief 
Valve sec. 
Feedwatertank, mobile pump 
Oepress. PRZ valves 
HPIS, (LPIS), CVCS, Accumulate 
H Pi -frA~*~ *>.>«*««•> 



4.5 Loss of RHRS Heat Exchanger Sump Water 
Suction or Containment Cooling following: 

4.5a SMALL LOCA 

4.5b MEDIUM LOCA 

4.5c LARGE LOCA 



4.5 Loss of RHRS Heat Exchanger Sump Water Suction or 

Containment Cooling follwinq: 

Long term core cooling can be interrupted if the Residual Heat 

Removal System (RHRS) fails to function properly. Although the loss 

of RHR systems does not generally dominate the risk profile for PWRs, 

it can be a sufficiently large contributor that it is considered in this 

document. Possible contributors to the loss of RHR are: failure of the 

RHR pumps, failure of pumps supplying water to the RHRS heat 

exchangers, failure of valves, maintenance unavailability of 

components combined wi th equipment failures, common mode 

failures of the heat exchangers, and loss of containment heat 

exchange systems. The effects of the loss of RHRS are considered for 

LOCAs of three different sizes: small, medium, and large. 

Since there are similarities between loss of the RHRS and other 

accident sequences, breaks in the steam generator tubes combined 

with a steam line break outside containment and breaks outside 

containment in low pressure systems are also considered in this 

section. The dominant initiating events and system failures are 

grouped \n the list of accident sequences presented in Section 3 and 

are described in more detail. 
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4.5a Loss of RHRS Heat Exchanger Sump Water Suction, or Containment 
Cooling following a Small LQCA 

Initial and Boundary Conditions 

- The accident initiator is a small size break in the reactor coolant system 

- ECC actuates and prevents core damage 

- Steam Generator cooling is used to reduce RCS temperatures and pressures to 
within the RHRS operating envelope . . 

- Sufficient level is established in the hot and cold legs that the RHRS can 
initially provide long term cooling 

•- RHRS fails after operation for a period of time 

Following a Small Break LOCA, successful emergency core coolant injection wil l* 
restore ,the system inventory and return core cladding temperatures to 
acceptable levels. There will not be sufficient energy removal through the break 
to maintain stable reactor coolant system (RCS) coolant temperatures and 
pressures for the SB LOCA, based on its definition in Chapter 4.3 page 16. Long 
term energy removal from the RCS will eventually be established to maintain the 
RCS conditions within acceptable limits. RHRS is the preferred long term energy 
removal method. Since the RCS wil l be at elevated pressure during a SBLOCA, 
the steam generators would be used to remove energy and cool the system to 
:onditions where the RHRS,could be initiated. It is from this system/condition 
that the loss of RHRS is considered to be initiated. 
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A summary of the availability of the plant safety systems for this sequence 
follows: 

Available safety systems 

Shutdown rods + 
Aux. feedwater + 
Controlled steam relief (relief valves) + 
Steam relief (safety valves) + 
HPIS(RWST) + 
LPIS(RWST) + 
RHRS-Heat exchangers 
RHRS-Pumps -

Sump water inventory 
HPI (sump recirç.) 
LP! (sump recirc.) 
AC power supply. 
SG isolation 
Pressurizer relief valve (s) 
Prèssurizer safety valve (s) 
Containment cooling system 

+ 

•+ available - . unavailable 

Fig. 4-5a/1b Brief Scenario Description 
Accident Sequence 5a: Loss of RHRS 
Heat Exchanger, Sump Water Suction 
ContainmentCoolingfollowing a SMALL 
LOCA 
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Description of Plant States (PS) and Plant State Intervals (PSI) 

Figure 4-5,a/2 shows the general behavior of the important plant 
thermal hydraulic parameters during this sequence. Following is a 
brief description of each of the plant state intervals shown. 

5a/1 - 5a/2 - During this plant state interval the RCS has been refilled 
up to the break level by the ECC systems and they are shut down by 
the operator. The steam generators were used priorto this plant state 
interval to cool the RCS and reduce the pressure. They are full of 
water but are not being used to remove energy from the RCS. 
Pressures and temperatures in the RCS are at values that are within 
the operating envelope of the RHRS and it is effectively removing 
decay heat. 

5a/2 - 5a/3 - This plant state interval begins with the loss of the RHRS. 
indicators that could alert the operators of the initiation of this 
sequence include: no RHRS flow in the system or cooling flow to the 
heat exchangers, no indication of pump current for the pumps, and 
slowly increasing RCS temperatures. Since the steam generators were 
used prior to RHRS actuation, the operators would likely attempt to 
cool using the steam, generators. It is assumed that feedwater is not 
started in time to provide long term cooling and bleeding steam from 
the steam generators depletes the secondary inventory over this time 
period. As the secondary inventory approaches zero, the RCS fluid 
temperature begins to rise and the fluid would eventually boil, 
initiation of boiling would result in the loss of some RCS inventory out 
of the break, which would cause the RCS pressure to increase more 
rapidly. There is the possibility that steam generator depressurrzation 
would not be attempted by the operator. Without steam generator 
depressurization, steam generator conditions would remain constant 
and this portion of the sequence would resemble the description for 
the large break LOCA provided in Section 4.5c. 
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5a/3 - 5a/4 - RCS water inventory in system and vessel locations at 
elevations above the top of the core would deplete during this 
interval. The f low from the break may initially be, a two-phase 
mixture, depending on the location of the break, but the flow would 
become steam as the RCS inventory depletes. As the water level 
approaches the top of the core, RCS pressure and temperature may 
continue to trend slightly upward. The steam generator secondary is 
essentially dry and would not be effective in removing energy from 
the RCS. 

5.a4 - 5a.5 - The core would begin to uncover at the start of this 
interval. As the core uncovers the steam f low from the break would 
drop and the pressure in the system wouid begin to decrease. Fuel rod 
cladding temperatures would begin to rise as the upper core 
elevations uncover and the f low of steam or two-phase froth can not 
provide sufficient energy removal. This interval continues through 
core damage. 
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5a. 1 5a.2 5a.3 5a.4 5a.5 
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V-^Secondary / 
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^ ^ ^ RCS Pressure ' .^^J^C^"^ j ^ 

Loss of 
RHR 
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Description of AM-Measures Applicable to Plant State Intervals 

Accident management measures that can typically be used to prevent 
core damage for a loss of RHRS following a SBLOCA are: 

- initiate primary system feed and bleed using ECC systems to 
supply inventory and power operated relief valves (PORVs) or 
other means to remove energy. 

- if cooling water f low to the RHR heat exchangers is not 
available, use external water sources (fire pumps, etc.) to supply 
the needed cooling water or identify alternate pumping to 
circulate water to the heat exchangers (for example pumps from 

. adjoining units). 

- initiate feedwater to one or more steam generator and use 
steam generator feed and bleed to remove decay energy (note 
that inventory would have to be added to the RCS or the break 
would have to be isolated to make this a viable long term 
accident management strategy). 

For the accident mangement measures, important and sensitive 
parameters include the following: 

- the reactor vessel level measurement system would be 
important in understanding the approach to core uncovering 
and in determining whether ECC injection would be necessary in 
addition to RCS heat removal 

,-• many of the RHR system components are outside of 
containment and repair or replacement of failed components 
could be included in accident management procedures., 

- since the steam generators would be operated at near 
atmospheric pressures to remove energy* low head pumping 
systems could be used in place, of the normal feedwater systems 
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(condensate booster pumps or fire pumps are examples for 
some plants). 

- since the RCS is at low pressure, alternate pumping systems 
could be used to supply water to the RCS (fere pumps or pumps 
from external sources such as fire brigades are examples. 
Addition of Boron to these sources would likely be necessary, 
depending on RCS conditions). 

Figures 4 - 5,a/3 shows how these accident management strategies 
can be related to the plant state intervals shown in Figure 4 - 5.a/2. 

t 
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4.5 b Loss of RHRS Heat Exchanger Sump Water Suction, or Containment 
Cooling Following à MEDIUM LQCA 

Initial and Boundary Conditions 

- The accident initiator is a medium size break in the reactor coolant system 
- ECÇ actuates and prevents core damage 
- Steam generator cooling is used to reduce RCS temperatures and pressures to 

within the RHRS operating envelope 
- Sufficient level is established in the hot and cold legs that the RHRS can 

initially provide long term cooling 
- RHRS fails after operating for a period of time 

rollowing a Medium Break LOCA, successful ECCS injection will restore the 
system inventory and return core cladding temperatures to acceptable levels. 
Based on the definition for a medium break LOCA in Chapter 4.3 page 16 the 
pressure during the period of ECC injection wi l l be between the pressyrizer relief 
valve setpoint and the LPIS shutoff head, depending on the size and location of 
the break. Long term energy removal/from the RCS will eventually be established 
to maintain the RCS conditions within acceptable limits. The preferred long term 
heat removal method is the RHRS. Since the RCS pressure will likely be higher 
than the upper pressure limit for the RHRS, the steam generators will likely be 
used to remove energy and cool the RCS to conditions where the RHRS can be 
initiated. It is from this condition that loss of RHRS is considered to be initiated. 
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A summary of the availability of the plant safety systems for this sequence 
follows: 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS (RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

«*# 

+ 
+ 
•f 
+ 
+ 
- ' 
m 

Sump water inventory 
HPI (surnp recirc.) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve(s) 
Pressurizer safety valve(s) 
Containment cooling system 

+ available - unav« 

Fig. 4-5b/1 b Brief Scenario Description > 
Accident Sequence 5b: Loss of RHRS Heat 
Exchanger, Sump Water Suction or Contianment 

Cooling following a MEDIUM LOCA 



Description of Plant States (PS) and Plant State Intervals (PS1) 

Figures 4-5.b/2 shows the general behavior of the important plant 
thermal hydraulic parameters during this sequence. Following is a 
brief description of each of the plant state intervals shown. 

5b/1 - 5b/2 - During this plant state interval the RCS has been refilled 
up to the break level.by the ECC systems and they are shut down by 
the operator. The steam generators were used prior to this plant state 
to cool the systems and reduce system pressure. They are full of water 
but are not being used to remove energy from the RCS. Pressures and 
temperatures in the .RCS are at values that are within the RHRS 
operating envelope and it is effective in removing decay heat. 

5b/2 - 5b/3 - This plant interval begins with the loss of. the RHRS. 
Indicators of the initiation of this plant state are: no RHRS flow or 
cooling f low to the RHRS heat exchangers, no indication of RHR pump 
current for the pumps, and slowly increasing RCS temperatures. Since 
the steam generator was used to cool the RCS and establish 
conditions compatible with use of the RHRS, the operator would 
likely attempt to cool using the steam generators. It \s assumed that 
feedwater is not started in time to provide long term cooling and 
bleeding steam from the steam generator depletes the secondary 
inventory. As the secondary inventory approaches zero, the RCS fluid 
temperature begins to rise and eventually begins to boil. Initiation of 
boiling results in loss of some RCS inventory from the break which 
causes the RCS pressure to increase more rapidly. There is the 
possibility that steam generator depressurization would not be 
initiated by the operator. Without steam generator depressruization, 
this portion of the sequence would resemble the description for the 
large break LÔCA provided in Section 4.5c 

5b/3 r 5b/4- System and vessel locations at elevations above the top 
of the core experience inventory depletion during this interval. The 
f low from the break may initially be a two-phase mixture, depending 
on the break location, but the flow transitions to steam as the RCS 
inventory are depleted. As the water level approaches the top of the 
core, RDS pressure and temperature may continue to trend slightly 
upward. 
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The steam generator secondary is essentially dry and is no longer 
effective in removing from the RCS. 

5b/4 - 5b/5 - The core begins to uncover at the start of this interval. As 
the core uncovers the steam flow from the break begins to drop and 
the pressure in the system begins to decrease. Core fuel rod cladding 
temperatures begin to rise as the upper elevations are uncovered and 
the flow of steam or twô-phase froth can not provide sufficient 
energy removal. This interval continues through core damage. 
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Description of AM-Measures Applicable to Plant State Intervals 

Accident management measures that can typically be used to prevent 
core damage for a loss of RHR following a MBLOCA are: 

- initiate primary system feed and bleed using ECC systems to supply 
inventory and power operated relief valves (PORVs) or other 
means to remove energy. 

- if cooling water flow to the RHR heat exchangers is not available, 
use external water sources (fire pumps, etc.) to supply the needed 
cooling water or identify alternate pumping trains to circulate 
water to the heat exchangers (for example, pumps from adjoining 
units). 

- initiate f eedwater to one or more steam generator and use steam 
generator feed and bleed to remove decay energy (note that 
inventory would have to be added to the RCS or the break would 
have to be isolated to make this a viable long term accident 
management strategy). 

For thé accident management measures, important and sensitive 
parameters include the following: 

- the reactor vessel level measurement system would be important 
in understanding the approach to core uncovery and in 
determining whether ECC injection would be necessary in addition 
to RCS heat removal. 

- many of the RHR system Components are outside of containment 
and repair or replacement of failed components could be included 
in accident management procedures 

- since the steam generators would be operated at reduced 
pressures, alternate low head pumping systems could be used to 
supply feedwater (condensate booster pumps or fire pumps are 
examples for some plants) 

- since the RCS is at low pressure, alternate pumping systems could 
be used to supply water to the RCS (fire pumps or pumps from 
external sources such as fire brigades are examples. Addition of 
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Boron to these sources would probably be necessary, depending 
on RCS conditions). 

Figure 4-5.b/3 shows how accident management strategies can be 
related to the plant state intervals shown in figure 4-5b/2. 
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Plant States Intervals 

AM-Meas ures 5b-1~>5b-2 5b-2-> 5b-3 5b-4--> 5b-5-iJ 
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x 
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Fig. 4-5b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 5b 

(5b-2->5b-3) 
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Plant State interval 
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4.5 c Loss of RHRS Heat Exchanger, Sump Water or Containment Cootinq 
following a LARGE LOCA 

Initialand Boundary Conditions 

- The accident initiator is a large break in the reactor coolant system 

- ECC actuates and prevents core damage . 

- Steam Generator cooling is not required to reduce RCS temperatures and 

pressures to the RHRS operating envelope and the operator would not use the 

steam generators after the RHRS is lost 

- It is possible to establish sufficent level in the hot and cold legs that the RHRS 

can initially provide long term cooling or recirculation from the containment 

sump throuhg the RHR heat exchanger is effective. 

Following a Large Break LOCA, successful ECCS injection will restore the system 

inventory and return core cladding temperatures to acceptable levels. Pressure 

during the period of ECC injection wil l be below the shutoff head of the LPIS 

pumps based on the definition for a large break LOCA in Chapter 4.3 page 1.6. At 

the completion of the depressurization and ECCS injection, the system pressure 

and temperature conditions Will be within the operating envelope of the RHRS. it 

is likely that the steam generator would be secured and would not be used 

further. At this point in time the RHRS.can be used to establish long term heat 

removal if 
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there is sufficient inventory in the hot and cold legs. Sump recirculation throug 
the RHR heat exchanger can be used if it is not possible to recirculate through t 
normal RHR f low paths .It is from this condition that the loss of circulation 
through the RHR heat exchanger is considered to be initiated. 

A summary of the avaiability of the plant safety systems for this sequence 
• fst l i A u t r e * follows 

Available safety svstems 

Shutdown rods 
Aux. f eedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 
+ 
+ 
+ 
+ 
-
M i 

Sump water inventory 
HP. (sump recirc.) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

+ available -. unavaila 

Fig. 4-5c/1 b Brief Scenario Description 
Accident Sequence 5c: Loss of RHRS Heat 
Exchanger, Sump Water Suction or Contaiment Cooling 

following a LARGE LOCA 
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Description of Plant States (PS) and Plant States Intervals (PSD 

Figure 4-5.c/2 shows the general behavior of the important plant 
thermal hydraulic prameters during this sequence, Following is a brief 
description of each of the plant state intervals shown. 

5c/1 - 5c/2 - During this plant state interval the RCS has been refilled 
up to the break levelby the ECC systems and they are shut off by the 
operator. Recirculation of sump water through the RHR heat 
exchanger is the likely means of heat removal, although there are a 
limited number of break locations where it would be possible to use 
the RHRS for energy removal by circulation from the hot leg through 
the RHRS and back into the cold leg. The steam generator is not used 
to remove energy during this or subsequent plant states. 

5c/2«5'c/3 - This plant state interval begins with the loss of the RHRS 
circulation or loss of cooling of the fluid flowing in the RHRS. À lack of 
RHRS flow or coolant flow to the heat exchangers, no indication of 
RHRS pump current, and slowly increasing RHRS and RCS 
temperatures all should alert the operators to the initiation of this 
sequence. It is assumed that the steam generator is not used to 
remove heat during this period. Whether the steam generator would 
be capable of removing sufficient heat depends on the containment 
conditions and ability of the operators to depressurize the steam 
generators to pressures below the containment pressure; and the 
location of the break. The RCS fluid temperature begins to rise once 
cooling is lost and eventually the fluid begins to boil. Initiation of 
boiling results in loss of some RCS inventory from the break but the 
pressure rise associated with this flow from the break is small because 
the break size is large. RCS inventory is depleted until core uncovering 
begins. 

5c/3 - 5c/4 - The core begins to uncover at the start of this interval. As 
the core uncovers the steam flow from the break begins to drop and 
the pressure in the system may decrease slightly. Core fuel rod 
cladding temperatures begin to rise as the upper elevations are 
uncovered and the flow of steam or two-phase froth does not provide 
sufficient energy removal. This interval continues through core 
damage. 
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Description of AM-Measures Applicable to Plant State Intervals 

AM measures that can typically be used to prevent or mitigate core 
damage for a loss of RHR following a LBLOCA are: 

- initiate primary system feed using ECC systems to supply inventory 
and remove energy from the containment to prevent containment 
overpressurization. 

- if cooling water flow to the RHR heat exchangers, is not available, 
use external water sources (fire pumps, etc.) to supply the needed ' 
cooling water or identify alternate pumping trains to circulate 
water to the heat exchangers (for example, pumps from adjoining 
units). 

For the accident management measures, important and sensitive 
parameters include the following: 

- the reactor vessel level.measurement system would be important 
in determining whether ECC injection is sufficent to keep the core 
covered. 

- since the RCS is at low pressure, alternate pumping systems could 
be used to supply water to the RCS (fire pumps or pumps from 
external sources such as fore brigades are examples. Boron for 
these sources would probaily be necessary, depending on the RCS 
conditions. 

Figure 4-5.c/3 shows how accident management strategies can be 
related to the plant state intervals shown in Figure 4-5.C/2. 
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Bleed Sec. 
( Depressu rizàtîo n) 

Feed Sec. 

Bleed Prim. 
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Fig. 4-5c/3 AM-Measures Applicable to 
Plant State Intervals of Accident 
Sequence 5c 

(5b-2-->5b-3) WÊÊÊ^mÊÊmm. 

Plant State 
Plants 
Intervt 

Accident Sequence 

Bleed Sec. (Depress) 
Feed Sec 
Bleed Prim. 
Feed Prim. 

Opening Safety- or relief Valve sec 
Feedwater tank, mobile pumps 
Depress. PRZ valves 
HPJS, (LPIS), CVCS, Accumulator 
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4.6 Station Blackout 
With: 

4.6a' Total Loss of Feedwater 

4.6b Stuck Open Secondary Safety Valve(s) 

4.6c Small Break on the Primary 

4.6d1 SG - Tube Rupture, 1 tube. 

4.6d2 SC-Tubè Rupture, 10 tubes 
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4.6 Station Blackout 

Station Blackout (SBO) is intended as "The total loss of energy supply 

apart from batterly powered AC and DC systems". 

In particular, it has been shown by the Probabilistic Safety Studies 

that the station blackout can give a contribution to the total Core 

Damage Frequency, by itself, that is inside the screening criteria. 

Futhermore, also some other syistem failures are considered inside this 

category, because of thé similarity of the scenario they force to ; they 

include: 

- Loss of off - site power with additional random system failures,, 

- Loss of vi talAC or Direct Current (DC) buses (e.g. due to short 

circuits, spuriuos breakers opening or maintenance errors). 

When some SBO sequences are examined from an accident 

progression point of view and for plant states definition purposes, 

they appear very similar to other accident scenarios already discussed 

(e.g. Total Loss of Feedwater during a transient or during a Small 

Break). Nevertheless SBO is treated separately, in this paragraph, 

because the required Accident Management actions could be 

considerably different, owing to the specificity of the system failures 

involved in the overall secnario. 

The dominant Initiating Events and System Failures are grouped in 

the Matrix of f ig. 33a and 3.3b of chapter 3 and will be described in 

the following sections. 
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AM measures that can typically be addressed in case of SBO are: 

- to identify operating instruments, 

- to extend operation of AC independent systems and pertaining 

auxiliaries, 

- to prolong batteries operating essential equipment (loads 

shedding), 

- to control essential component rooms environmental condition, 

- to try to recover diesel generator (or other unavailable equipment) 

operating or external power, 

- to restore water inventories in safety systems source tanks, 

- to put available external power generation systems (e.g. turbo-

gases) in operation 

- to get ready features capable to establish connections with 

external water sources (e.g. fire brigade trucks). 
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4.6a Station Blackout with Total Loss of Feed Water 

Initial and Boundary Conditions 

- Loss of off site power 

- Additional loss of on-site power supply systems or analogous unavailabilities 
of safety systems (e.g. HPÎS, RHR) 

- No operating action - " 
- No main pumps seals degradation 

This sequence can be particularly dominant in those plants that do not hav< 
steam-turbine driven Auxiliary/Emergency Feed Water pumps, independan 
from AC power. Similarities in the scenario can be recognized with sequence 1< 
(see chapter 4.1a.) 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief 
Steam relief (safety valves) 
HPIS (RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

•f 
< D -

valves)(2) + 
•f 

_ 

.-

• -

• — 

Sump water inventory 
HPI (sump recirc.) 
LP! (sumprecirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

• — 
— 

— 

• -

+• 

+ 
+ 
—' 

+' available •-' unavailable 

(1) -Steam driven auxiliary feed water pumps not available 
(2) - different cases have been studied assuming Power 

Operated or safety valves operation 

J 

Fig.4-6a/1 Brief Scenario Description 
Accident Sequence 6a: Station 
Blackout with total Loss of Feed 
Water 
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Description of Plant States (PS) and Plant State Intervals (PS1) 

The relvant Plant States, Plant State.lntervais and associated 
thermohydraufic parameters of the Sequence 4.6a are shown in f ig. 4-
6a/2. 

6a/0 - 6a/1 - This Plant State interval begins at the initiating event 
occurrence and ends when a very Low Water level signal in the SG is 
generated. At the very beginning of the accident, the power 
reduction due to the prompt scram and the still high secondary Water 
flows causes primary pressure and temperature reduction; the main 
coolant pumps and the turbo generator trip; natural circulation takes 
place in the primary loop. Owing to the turbine stop valves closure, 
the pressure \n the secondary loop increases to relief/safety valves 
setpoints, this begin to cycle relieving steam to the atmosphere. If the 
SG power operated relief valves are available, the setpoint of the 
primary relief is not reached (curve a in the figure). If the primary 
power operated relief valves are also not available, the alternate 
behaviour in the figure is followed. 

the very low level in the SG alerts the operators and causes several 
systems operation demand. 

6a/1 - 6a/2 - During this Plant State most plant parameters stay at 
steady state conditions: the primary pressure remains at relief /safety 
valves (whichever is operable) setpoint, the RCS temperature remains 
constant, at subcooled levels. Residual heat is rejected through the 
steam discharge from the primary relief valve and the secondary side 
boiloff of residual masses of water (this heat rejection mechanism is 
continuosly degrading). The SGs are empty at the end of this plant 
state, the pressure remaining high, at relief/safety valves (whichever 
is operable) setpoint. The primary coolant inventory reduction is still 
not significant. 
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6a/2 - 6a/3 - As SGs are empty, the residual heat can no longer be 
rejected.to the secondary side. The decay heat is removed solely 
through the pressurizer relief/safety valves in form of a two phase 
mixture. The RPV inventory begins to decrease after voiding SGs and 
hot legs. The temperature at the. outlet of the core increases, 
approaching saturation conditions, the primary water expansion 
causes thé pressurizer fill up. 

6.a/4-6a/5-The primary water is at saturated conditions and primary 
safety valves discharge water and steam, the pressure can reach the 
safety valves opening setpoint; voids are present at the core exit and 
in the primary loops. 

6a /4 -> - the core begins to be uncovered, consequently the steam 
production rate decreases, the pressurizer level drops down, the fuel 
beat up takes place adiabatically at a rate of several °K per second. 
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85 
352 

90 
350 

82 
300 
15 

Primary 
Saturation 

6a-4 

160. 
350 

45 
530 

70 
350 

82 
300 
15 

Core Uncovery 

Fig. 4 - 6a/2 Plant States and Associated Parameters 
Accident Séquence 6a: Station Blackout with 
Total Loss of Feed Water 
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Description of AM-Measures Applicable to Plant State intervals 

The relevant AM-measures are shown in f ig. 4-6a/3. 

As far as the accident management strategies are concerned there are 
some very senistive parameters: 

- the high pressure injection pumps head, because (at least after 
primary to secondary heat exchange degradation) the primary 
pressure tends to stay high, at primary safety valves setpoints; at 
such pressures some pumps are not able to inject water: 

- the primary loop relieving capability that could be insufficient 
to reduce to primary pressure after primary to secondary heat 
exchange degradation, 

- for the reasons above, in presence of primary relieving or high 
pressure injection pumps head limitations, there is a limited 
time span available for primary Feed and Bleed actuation, 

secondary side feed and bleed is possible until enough primary 
inventory can guarantee a primary to secondary heat exchange 
sufficient for residual heat removal, 

- the controlled steam generators depressurization can extend 
the available time for actions because it makes available a water 
inventory in the secondary side of the SG that otherwise cannot 
be used for heat removal purposes. 

6a/1 -6a/2 - the operator knows that many systems are unavailable, 
and tries to use all the means available to remove the heat from the 
primary side, throujgh the SG, reducing the pressure in order t o avoid 
loss of mass from the RCS. The actuation of primary feed and bleed 
can also be started in this early phase. 

6a/2-6a/3-The same actions above can be attemped by the opertor. 

6a/3 - 6a/4- The same actions above can be attemped by the operator 
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6a.4 — > - The primary feed and bleed can be still performed if the 
plant has enough relief capabilities or the HPI head is high enough. 
The secondary feed and bleed can be ineffictive. 
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AM-Measures 

Bleed Sec 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

Plant States Intervals 

6a-0 - -> 6a-1 

X 

X 

(x) 

(x) 

6a-1-->6a-2 

X 

X 

<x) 

(x) 

6a-2-->6a-3 

X 

X 

Dépends 
Valves 

Depends 
pumps head 

6a-3~>6a.4 

X 

X 

on primary 
Capability 

on 

6a-4-> 

relief 

HPIS 

Fig.4-6a/3 AM-Measures Applicable to ( 6 a ? " > 6 a 3 ) | 
Plant State Intervals of 
Accident Sequence 6a 

Plant State 

Accident Sequence 

Plant State 
Intervals 
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Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 

Opening Safety- or relief Valve sec. 
Feedwater tank, mobile pumps 
Depress. PRZ valves 
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4.6 b Station Blackout with Stuck open secondary side safety valve(s). 

initial and Boundary Conditions 

- Loss of off-site power 
- Stuck Open Secondary Side Safety Valve (one, after the first opening). 
- Additional Loss of on-site,power supply or analogous safety systems 

unavailabilities (e.g. HP1S, RHR) 
- No operator actions 

In a scenario that is similar to one of the previous case, following turbine stop 
valve closure and steam dump failure, SG safety valves lift; one of them remains, 
open, forcing the plant to behave in a slightly different direction. 

The depressurization of the steam generators determines a more effective initial 
primary cooling and depressurization, and a more complete use of water in the -
affected SG, followed by a more or less similar behaviour than the 6a sequence. 

Available safety systems 

Shutdown rods . . + 
Aux. feed water (1) -
Controlled steam relief (relief valves) 
Steam relief (safety valves) (2) + 
HPIS(RWST) 
LPIS(RWST) -
RHRS-Hëat exchangers ' -
RHRS-Pumps 

Sump water inventory 
HPI (sump recirc) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve(s) 
Pressurizer safety val ve(s) 
Containment cooling system 

-

-

- • 

-

'• +. 
- + 

4-
Mm 

+ available - unavailable. 

(1) - Steam driven auxiliary feed water pumps not available 
(2) - i valve stuck open 

Fig. 4-6b/1 Brief Scenario Description 
Accident Sequence 6b: station Blackout with 
Stuck Open Secondary Side Safety Valve(s) 
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Description of Plant States (PS) and Plant State Intervals (PSi) 

The relevant Plant States, Plant State Intervals and associated 
thermohydraulic parameters of the Sequence 4.6b are shown in fi.g 4-
6b/2. 

6b/0 - 6b/1 - The scram takes'place, together with the main pumps 
and turbine trip, at the transient onset. At the first actuation, one SG 
safety valve remains open, causing SG pressure and inventory 
reduction; at the end of this interval, a very low SG level signal takes 
place. Owing to the enhanced cooling in the SG, the primary pressure 
decreases: no loss of primary inventory takes place. The primary 
system water considerably cools and shrinks, the pressurizer level falls 
down. 

6b/1 - 6b/2 - The behaviour of the T/H parameters contiuês wi th the 
same trend. At the end of this interval the SGs are empty and the heat 
rejection to the secondary side can no longer take place. 

6b/2 - 6b/3 - The primary pressure reverses its trend, increasing up to 
the primary relief valves; the primary water temperature has the 
same increasing behaviour. The pressurizer replenishes. At the end of 
this interval,, the primary water temperature is very close to the 
saturation value, the relief valves frequency of opening is very high, 
discharging a mixture of water and steam, the pressurizer is ful l of 
water, the primary inventory of water is still not sensitively reduced. 

6 b / 3 - 6 b / 4 - the primary relief valves capacity is still not sufficient to 
avoid pressure increase and safety relief valves begin td cycle. 

6b /4 - -> - the steam production is reduced because of core uncovery. 
At this moment the safety valves close and the core heats up, the 
pressure remaining, since this moment on, at approximately the 
pressure level of relief valves opening setppint. The fuel heats up. 
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Plant States 

Primary 
- pressure bar 
- temperature RPV °C 

outlet 
-RPV inventory % 
-cladding temp °C 

Pressurïzer 
- inventory % 
- temperature °C 

Secondary 
- pressure bar 
- temperature °C 
- inventory % 

Plant State Description 

6b-0 

155 
327 

100 
336 

65 
345 

66,5 
275 
100 

Full load 
SBO + 

Stuck Open 
SGSafety 

Valve 

6b-1 

135 
300 

100 
305 

40 
300 

60 

G6 

SGIovy low level 

6b-2 

105 
270 

about 100 
275 

to 
270 

30 

1x0-2x15 

SGDry 
Steam Lines Isolation 

6b-3 

160 (max 172) 

350 
90 

352 

about 100 
350 

1x1-2x40 

Primary 
Saturation 

65b-4 

160 
350; 

45 
530 

-45 -
350 

1x1-2x42 

1x0-2x15 

Core uncovery 

Fig. 4-6b/2 Plant States and associated Parameters 
Accident Sequence 6b: Station Blackout with 
Stuck Open Secondary Valve(s) 
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Description of AM-Measures Applicable to Plant State intervals 

The relevant AM-measures are shown in f ig. 4-6b/3 
The AM strategies are very similar to the previous case. 

6b/0 - 6b/1 ~ The operator knows that many systems are unavailable, 
and observes a RCS pressure reduction. The actuation of primary feed 
can be started in this early phase (although some possible warnings 
have to be taken into account). On the basis of the overall scenario, 
the operator, could also decide to perform some primary bleed, but 
wi th a specific attention to possible excessive cooling that could 
induce recriticality. Steam line isolation can be performed to use the 
secondary water \n a more effective, way. The unaffected SG, after 
main steam lines isolation, can be depressurized in a controlled way, 
using the alternate means for secondary feed. 

6b/1 -6b/2^ The same actions above can be performed. 

6b/2 - 6b/3 - Secondary or primary feed and bleed are beneficial in 
this phase. 

6b/3 - 6b/4 - Secondary feed and bleed can still be performed, 
analogous interventions on the primary side are possible if the relief 
capability is suff icent or the HPI head is high enough. 

6b/4 - -> - Primary feed and bleed can be performed if the relief 
capability is suff icent or the HPI head is high enough. 
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AM-Measures 

Bleed Sec. 
(Dèpressurization) 

Feed Sec 

Bleed Prim. 

Feed Prim. 

Main steam 
Lines isolation 

6b-0->6b-1 

X 

x 

(x) . 

(x). 

X 

' 

Plant States Intervals 

6b-1->6b-2 

X 

X 

(x) 

(x) 

X 

6b-2~>6b-3 

X 

x 

(x) 

(x) 

X 

6b-3->6b,4 

X 

X 

Depends on 
Primary 

relief valves 
Capability 

Depends on 
HPiS pumps 

head 
' 

i 

-

6b-4--> 

• 

Depends on 
Primary 

relief valves 
Capability 

Depends or 
HPIS pumps 

head 

• ' . - * 

Fig. 4-6b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 6b 

(5b-2->5b-3) 

Bleed Sec. (Depress) 
Feed Sec 
Bleed Prim. 
Feed Prim. 
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1 Plant State 
Plant State interval 

Accident Sequence. 

Opening Safety- or relief Valve sec. 
Feedwater tank, mobile pumps 
Depress. PRZ valves 
HPIS, (LPiS), ÇVCS, Accumulator 
HPI from sump 



4.6c Station Blackout with a Small Break on the primary 
Brief Scenario Description: 

- Loss of off-site power 
- Main Coolant pumps seals degradation 
- Additional Loss of on-site power supply or analogous safety systems 

anavailabïlities (e.g. HPIS, RHR) 
- No operator actions 

There is the possibility that a serious reactor coolant pump seal degradation 
takes place during the period of time when the power is lost; minor 
contributions to small break type sequences could come from valve or pipe 
breaks. Because of the smallsize of the break, the primary pressure tends to 
stay high; the water in the vessel tends to deplete due to the loss of coolant 
from the break and from the primary safety/relief valves. Similarities in the 
scenario can be recognized with sequence 3a. 

Available safety systems 

Shutdown rods + 

Aux. feed water (1) ~ 
Controlled steam relief (relief valves). 
Steam relief (safety va Ives) + 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

Sump water inventory 
HPI (sump recirc.) 
LPl (sump recirc) 
AC power supply 
SG isolation 
Pressurizer relief valve(s) 
Press urizer safety valve(s) 
Containment cooling system 

. -

• -

-

-

4-
4 
. -

" • 

+ available . - unavailabl* 

(1) - Steam driven auxiliary feed water pumps not available 

Fig.4-6c/1 Brief Scenario Description 
Accident Sequence 6c: Station Blackout with a 
Small Break on the Primary 
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Description of Plant States (PS) and Plant States Intervals (PSf) 

The relevant Plant States, Plant State Intervals and associated 
thermohydraulic parameters of the Sequence 4.6c are shown in f ig. 4-
6c/2. 

6c/0-6c/ i - The seal degradation on all primary pumps is supposed to 
take place just at the beginning of the transient, the main turbine 
and the main circulating pumps tr ip at time zero and coast down. The 
primary pressure suddenly decreases, while the secondary pressure 
increases up to SGs safety yalves setpoint, reducing their water 
inventories. The pressurizer. rapidly empties. The break flow reduces 
as the primary pressure decreases. 

6c/1 - 6c/2 - The primary pressure remains almost constant at a value 
for which the.enthalpy loss from the leaks and the SG heat rejection 
match the residual heat produced in the core. Early in this interval the 
saturation temperature is reached in the primary loop and the natural 
circulation significantly reduces- The water is lost from the primary 
system at an approximately constant rate, with some oscillations due 
to the varying void content of the leak; the water inventory in the 
vessel decreases, owing to the increased content of voids. A reflux 
condensing type heat rejection takes place until the end of this phase, 
when the SGs completely dry. 

6c/2-6c/3-The primary pressure rapidly rises, increasing the fiovy but 
from the break. The primary relief valves open, some water is forced 
into the pressurizer, the loss of mass from the primary increases and 
the core begins to uncover. 

6c3 - 4- - Initially the primary relief valves continue to cycle, until the 
core uncovery is such that the steam production is limited. Fuel 
temperature reaches limiting values. 
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Hme(Q 

Plant States 

Primary 
- pressure bar 
- temperature RPV °C 

outlet 
- RPV inventory % 
- cladding temp °C 

- Break f low kg/sec 

Pressurizer 
- inventory % 
- tempéra tu re^ 

Secondary 
- pressure bar 
- temperature °C 
- inventory % 

Plant State Description 

6c~0 

155 
327 

100 
336 

15 (peak) 

65 
345 

.66,5 
275 
100 

Fuii toad 
SBO + 

Break in all 
Pumps Seals 

6c-1 

95 
300 

100 
305 

7 . 

0 

82 
290 

62 

Primary 
Saturated 

6o2 

85 
300 

80 
305 

5 

0 

82 
290 

15 

SGs Dry 
Mixture Break Flow 

6C-3 

160 
350 

70 
380 

4 

, 90 
350 

• 82 
290 

15 

Primary 
Relief 
Cycling 

6c-3-> 

DECREASING 
INCREASING 

Core 
uncqvery 

Fig. 4-6c/2 Plant States and Associated Parameters 
Accident Sequence 6c: Station Blackout with a 
Small Break in the Primary 
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4.-6.19-

Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM measures are shown in f ig. 4-6c/3: 

6c/0-6c/1 -The unavailabilty of many systems alerts the operator that 
he can try to take timely actions. The controlled SG depressurizatibn 
can be carried out, also to force accumulators injection. 

6c/1 -6c/2-SG Bleed and Feed, by alternate means, can be beneficial. 
If feasible, also primary Feed and Bleed is a strategy that carl be 
pursued. 

6c/2-6c/3-The same actions above can resolve the accident. 

6c/3 •-> - Only primary Feed and Bleed can help. 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed Sec. 

Bleed Prim; 

Feed Prim. 

S . ' 

6c-0 -> 6c-1 

X 

X 

(X) 

(X) • 

, 

Plant States Intervals 

6c-1->6c-2 

X 

X 

(x) 

w 

. 6c-2~>6c~3 

X 

X 

(X) 

X - , 

6c-3 + 

X 
Dependson 

Primary 
Relief Valves 

capability 

X 
Depends on 
HPiS pumps 

head 

Fîg.4-6c/3 AM-Measures Applicable to 
Plant State Intervals of Accident 
Sequence 6c 

(6b-2-->6b-3) 1 

I n 

Plant State 

Accident Sequence 

Plant S 
Interv. 

Bleed Sec (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 

Opening Safety- or relief Valve se 
Feed water tank, mobile pumps 
Depress. PRZ valves 
HPIS, (LPIS), CVCS, Accumulator 



4.6dl Station Blackout with a SG - Tube Rupture, 1 tube 
J, 

Initial and Boundary Condition 

- Loss of off-site power 
- Stuck Open Secondary Side Safety Valve {one, after the first opening) 
- Additional Steam Generator tube rupture 
- Additional Loss of on-site power supply or analogous saftey systems 

unavailabilities (e.g. HPIS, RHR) 
- No operator actions 

If primary pumps sealinjection system is available arid one or more steam valves 
stuck in.the open position, the consequential secondary side depressurization can, 
possibly, lead to a steam generator tube rupture. It has to be outlined that a 
secondary steam leak (i.e. safety valve stuck open), in case of SGTR, can be a 
consequence of the operators inability to avoid effected SG fill up. If no operator 
action is taken, no water sources can be available to feed the primary system: the 
primary system remains opened to the atmosphere. 
Two cases are examined: one single tube guillotine break (sequence 6dl) and 10 
tubes guillotine breaks (sequence 6d2) without any safety system availability. 

Available safety systems 

Shutdown rods + 
Aux. feed water (1 ) -
Controlled steam relief (relief valves) 
Steam relief (safety valves) . + 
HPIS(RWST) -
LPIS(RWST) 
RHRS-Heat exchanger 
RHRS^Pumps 

Sump water inventory 
HP! (sump recirCé) 
LPI (sump recirc) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

. — 

" - . • 

— 

+ 
+ 
+ 

• +. 
- ' 

+ available - unavailable 

, (1) - Steam driven auxiliary feed water pumps not available 

Fig. 4 - 6di /1 Brief Scenario Description 
Accident Sequence 6d1 : Station Blackout 
with a SG-Tube Rupture, 1 tube 
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Description of Plant States (PS) and Plant State Intervals (PSD 

The . relevant Plant States, Plant State Intervals and associated 
thermohydrauliç parameters of the Sequence 4.6dl are shown in f ig. 
4-6d1/2 

6d1/0 - 6d1/l - Following the loss of off-site power,the following 
main trips take place: 
*scram, 
*main turbine trip and stop valve closure, 
* primary pumps trip and coast down. 

The primary pressure decreases, while the Steam Generators pressures 
increase up to the steam relief valve setpoint. 

6d1/1 -6d1/2 - At the first relief valve opening, a SG tube is assumed 
to break. At the very beginning, a high break f low of some tens of 
kilograms per hour takes piace, due to the high differential pressures. 
Al l the intact SGs lose their inventories through the steam collector 
and the stuck safety relief, the affected SG mass slighty increases 
owing to the primary water pouring out. During this phase: 
* the primary pressure reaches the accumulators actuation set point, 
and water is injected in the primary loops, 
* the secondary pressure reaches the steam isolation valves setpoint 
for closure, when the intact SGs are already empty, and the residual 
heat is rejected by the affected SG, 
* primary temperature reaches saturation and voids appear in the 
unaffected loops. ^ . 

6d1/2 - 6d1/3 - Also the affected SG is empty and primary pressure 
tends to increase up to the primary relief valves. 
The primary inventory decreases down to about 50 %. 
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6d1/3 --f- The primary pressure stays at the relief setpoint value, the 
vessel mass continuously reduces. The pressurizer fills up. Core 
uncovery takes place and fuel temperature reaches limiting values. 
This interval, from the primary side point of view, is very similar to 
•6c.3'+ and 5d.3 + intervals. Major differences can be recognized only 
in secondary side.conditions (in this case one SG is depressurized). 
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Hme(Q 

PJaht States 
Loss-of-RHR 

after SBLOCA 

Primary 
- pressure bar 
- temperature RPV 

outlet *C 
- RPV inventory % 
- cladding temp^C 
- .Break f low kg /sec 

•Pressurizer 
'- inventory % 
- temperature°C 

Secondary 
- pressure bar 
- temperature X 
- inventory % 

Plant State Description 

6d1-0 

155 
327 

100 
336 

65 
-345 

66,5 
275 
.100 

Full load 
SBO 

6d1-1 

145 
315 

100 
320 
43 

50 
315 

77 
290 (steam 309) 

3x100 

SG Relief Valve 
Open-1 Stuck 
SG tube 
BREAK 

6d1-2 

35 
230 

90 
250 

8 

10 
230 

2x32-1x10 
2x235 - 1x220 
2x10-1x1S 

- All SGs 

EMPTY 

6d1-3 

160 
350 

50 
370 

17 

• 90 
350 

2x32-1x10 
2x257-1x190*) 

3x10 

Primary Relief 
OPEN 

SecondarySteam 
Superheated 

6d1~3 + 

160 
increasing 

Core Uncovery 

Fig.4»6d1/2 Plant States and Associated Parameters 
Accident Sequence 6d1 : Station Blackout 
with SG-Tube Rupture, 1 tube 
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Description of AM-Measures Applicable to Plant State Intervals, 
1 tube 

The relevant AM-Measures are shown in ffg.4-6d1/3 

This scenario can lead to long term Core Da m ge and, owing to long 
times available, it should be relatively easy to find operator actions 
capable to prevent it: 

- opening primary relief valves if accumulators injection pressure has 
still not been reached, 

- primary feed and bleed, 
injection of water in the primary system, together with ioslation of 
the affected SG and feed and bleed of a non affected SG. 

It should be outlined that one of the most important objectives, 
during the course of this addicent, is also to minimize external 
consequences in terms of loss of primary water to the atmosphere. A 
timely depressurizatiori is required in order to reach this objective 
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AM-Measures 

Bleed Sec. 
(Depressurizatioh) 

Feed Sec 

Bleed Prim. 

Feed Prim. 

6d1-0-->6d1-1 

X 

x 

X 

(x) 

Plant States Intervals 

6d1-T~>6d1-2 

X 

X 

X 

(x) . 

. ' . 

6d1-2~:>6d1-3 

X 

X 

(x) ; 

X 

.' 

6d1-3-> 

- " 'x . 
Dependso 

primary Reli 
Valves 

capabiiity 

x 
Depends 6 
H PIS pump 

head 

Fig.4-6dT/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 6dl 

(5a-2-->5a-3) 

Plant State 
Plant Statt 
Interval 

Accident Sequence 
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Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 

. Feed Prim. 

Opening Safety-or Relief Valve sec. 
Feed water tank, mobile pumps 
Depress. PRZvalves 
HPIS, (LPIS), CVCSi Accumulator 



4.6d2 Station Blacfcout with a SG -Tube Rupture, 10tubes 

Initial and Boundary Condition 

- Loss of off-site power 
- Stuck Open Secondary Side Safety Valve (one, after the first opening) 
- Additional Steam Generatortube rupture 
- Additional Loss of on-site power supply or analogous saftey systems 

unavailabilities (e.g. HPIS, RHR) 
- No operator actions 

if primary pumps seal injection system is available and one or more steam valves . 
stuck in the open position, the consequentieal secondary side depressurization 
can, possibly, lead to a steamgeneratortube rupture. It has to be outlined that a 
secondary steam leak (i.e. safety vafve stuck open), m case of SGTR, can be a 
consequence of the operator inability to avoid effected SG fill up. If no operator • 
action is taken, no water sources can be available to feed the primary system: the 
primary system remains opened to the atmosphere. 
Two cases are examined: one single tube guillotine break sequence 6d1 and 10 
tubes guillotine breaks, sequence 6d2 without any safety system availability. 

Available safety systems 

Shutdown rods -f-
Aux. feed water <1>-
Controlled steam relief (relief valves). -
Steam relief (safety valves) + 
HPIS(RWST) -
LPIS(RWST) -
RHRS-Heat exchanger 
RHRS-Pumps -

Sump water inventory 
HPI (sump recirc.) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

— 

.— 
-

+ 
+ 
+ 
+ 
-

+ available - unavailable 

(1) - Steam driven auxiliary feed water pumps not available 

Fig.4-6d2/1 Brief Scenario Description 
Accident Sequence 6d2: Station Blackout with a 
SG-Tube Rupture, 10 tubes 
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Description of Plant States (PS) and Plant State Intervals. 10 tubes 

The relevant Plant States, Plant State Intervals and associated 
thermohy.draui.ic parameters of the Sequence 6d2 are shown in f ig. 4-
6d2/2. 

6d2/0-6d2/1 -This interval is the same of the single tube rupture case 
(6d1/0-6d1/1). 

6d2/1 - 6d2/2 - After the break, the primary pressure sharply 
decreases, until the saturation temperature in the primary coolant is 
reached- The vessel mass decreases. The pressurizer promptly empties. 
Subsequently, the primary pressure decrease becomes milder, steam 
f low from the break takes place. The upper part of the core uncovers, 
but the accumulator injection is capable to refill the core; the break 
f low changes Into liquid flow. The intact SGs with their residual 
masses reject some of their back heat to the primary coolant. At the 
end of this interval, an equilibrium between the primary and 
secondary pressures is reached. 

6d2/2••-• 6d2/3 - The vessel mass begins again to decrease after 
accumulator depletion* then tends to stay constant for some 15 min. 
and decreases again. 

6d2/3 - + - The core heat up takes place at about 2 MPa primary 
pressure. 
Similarities can be recognized between this interval and 5g.24-
interval (medium break sequence), the main difference being the 
value of the primary pressure. 
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Tima» 

Plant States* 
Loss-of-RHR 

after SBLOCA 

Primary 
- pressure bar 
- temperature RPV 

outlet °C 
- RPV inventory % 
- cladding temp °C 
- Break flow kg/sec 

Pressurizèr 
' - inventory % 

- temperature 6C 

Secondary 
- pressure bar 
- temperature °C 
- inventory % 

Plant State Description 

6d2-0 

155 
327 

100 
336 

65 
345 ' 

66,5 
275 
100 

Full load 
SBO 

6d2-1 

145 
315 

100 
. 320 

430 (peak) 

50 
315 

77 
290 (steam 309) 

3x100 

SG Relief Valve 
Open - 1 Stuck 
10 SG tube 
BREAK . 

6d2-2 . 

30 
230 

85 
235 

25 

0 
280 (steam) 

30 
230 

2x44-1x88 

Main Steam • 
valves 
CLOSED 
ACC injection 

6d2-3 

20 
' -200 

75 
205 

20 

0 
. 310 (steam) 

20-30-40 
210-230-250 

40 

Primary Relief 
OPEN 

SecondarySteam 
Superheated 

6d2-3-t-

increasing 

decreasing 
decreasing 

20 

0 

increasing 

CoreUncdvery 

Fig. 4 - 6d2/2 Plant States and Associated Parameters, 
Accident Sequence 6d2: Station Blackout 
with SG-Tube Rupture, 10 tubes 
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Description of AM-Measures Applicable to Plant State Intervals, 
10 tubes 

The relevant AM-Measures are shown in f ig . 4-6d2/3 

It must be underlined that SG isolation and depressurization has to be 
considered advisable in order to avoid secondary to primary heat 
transfer. 
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AM-Measures 

Bleed Sec 
(Depressurizatibn) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

>•' 

6d2-0~>6d2-1 

X 

X 

X 

X 

V 

Plant States Intervals 

6d2-1->6d2-2 

X 

X 

' X " 

x 

6d2-2->6d2-3 

X 

X 

X 

X 

6d2-3 -> 

X 
Depends on 

Primary: Relief 
Valves 

capability 

X 
Depends on 
HPIS pumps 

head 

• 

Fig.4-6d2/3 ÀM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 6d2 

(5e^2~~>5e-3) ~i 
Plant State 

Plant State 
Interval 

Accident Sequence 
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Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 

Opening Safety-or Relief Valve sec. 
Feedwatertank, mobile pumps 
Depress. PRZ valves 
HPIS, (LPIS), CVCS, Accumulator 
HPI from sumn 





47. Failure of Shut down Rods 

4.7a Tota I loss of Feed water with emergency f eedwater system 

available . 
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4.7a Failure of shutdown rods after toss of feedwater with emergency 
feedwater system available 

Initial and boundary conditions 

- Loss of feedwater 
- Failure of scram. 

Theloss of feedwater initiated transient produces a scram signal, but the 
shutdown rods remain outside of the core. 

All other safety systems are available, see table below. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

— 

+ 
+ 
+ 
+ . 
+ 
+ 
+ 

Sump water inventory 
HPI (sump retire.) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment spray 

+ available - unavailab 

Fig.4-7a/1 Brief Scenario Description 
Accident Sequence 7a: Failure of shutdwon 
rods after loss of feedwater with emergency 
feedwater system available 
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Description of plant states and plant state intervals 

The relevant plant states (PS), plant state intervals (PSI) and associated 
thermal hydraulic parameters of sequence 7a are shown on f ig, 4-7a/2 

7a-Q-̂ -> 7a-1 - The core power remaining high (80 % of nominal 
power),/the secondary sides of steam generators rapidly dry. The 
primary pressure then increases, the prèssurizer.f ills and the safety 
valves open. 
Due to primary f luid temperature rise, the power decreases to reach a 
value.equal to auxiliary feed water power extraction capability. 
The primary pressure decreases again and reaches a plateau value. 

7a-1 ~» 7a-2 » During this PSf, the auxiliary feedwater flow is boiled off 
as soon as it reaches the steam generators tubes. The auxiliary 
feedwater tank empties. 
The primary pressure and temperatures stay at plateau values. 

7a-2~»7a-3-When the auxiliary feedwater tank is empty, the 
temperature and pressure rise. By void effect, the neutronic power is 
cancelled and the power reduced to decay heat. The pressurizer 
safety valves open, leading to a loss of primary inventory and a core 
uncovery. 

7a-3->7a-4- As the core begins to uncover, the clad temperatures 
rise and superheated steam appears at the RPV outlet. The primary 
pressure remains at the PORV's and the loss of primary inventory 
continues. 

229 



P<bar)/% 

® 
200/1 DO 

T{°CJ 

RPV level 

P primary' 

T RPV out 

AFWStank level {%) 

SG lavei (%) 

© ® © 

tfmo 

Plant States 

Primary 
- pressure bar 
- temperature RPV, °c 
- RPV inventory % 
- core power. % 
- pressurizer inventory, % 

Secondary 
- acticity 
- pressuré, bar 
- inventory, % 

Containment 
- activity 
- pressure, bar 
- sump level 

Systems 
- RWST level 
- AFW tank level 

Out sontainment activity ' r 

Plant State Description 

7a-0 

155 
327 

. 1 0 0 
100 
66 

no 
' 58 

100 

no 
normal 

low 

> max 
> max 

no 

- fuHload 
- loss of 

feedwater 
- no scram 

laA 

150 
sat 
100 
10 

>80 

no • 
70 

«10 

no 
almost normal 

low 

<max 
< max, > min 

no 

- power, P and T 
plateau., 

7a-2 

150 
' sat 

100 
10 

>80 

no 
70 

«10 

no 
almost normal 

low 

>max 
< min 

no 

- AfWtank 
empty 

7a-3 

PORV 
sat 
40 

decay 
0 

no 
70 
0 

no 
high 
high 

> max 
< min 

no 

- beginning of 
core 
uncovering 

7a-4 

PROV 
700 
30 

decay 
0 

no 
70 
0 

• no 
high 
high 

> max 
< m i n 

no 

- RPV exit 
superheat 

Fig.4-7a/2 Plant States and Associated Parameters 
Accident Sequence 7a: Failure of shutdown 
rods after loss of feedwater with 
emergency feedwater sytem available 



Description of AM-measures applicable to plant state intervals 

The relevant AM-measures are shown on fig. 4-7a-3. 

7a-Q -» 7a-1 - No AM-measures applicable 

7a-1 ->7a-2- Low secondary level and high primary power or rods 
withdrawn is significant of ATWS. The operator has to manually trip 
the reactor. If not possible, a boron injection must be untertaken in 
order to reach the subcriticity. For this purpose, primary feed and 
bleed may be undertaken. 

7a-2 -» 7a-3 - Based on high primary pressure and temperature arid 
on the unavailability of the steam generators, primary feed and bleed 
must be untertaken in order to bring on water and on boron in the 
primary circuit, 

7a/3 -> - Same as previous PSI 
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AM-Measures 

Bleed Sec, 
(Depressurization) 

Feed Sec., 

Bleed Prim. 

Feed Prim, 

Borication 

Plant States Intervals 

7a-1 - > 7a-2 

X 

(x) 

(x) 

X 

7a-2-->7a-3 

X 

X 

X 

s 

7a-3 

X 

x 

X 

Fig. 4 - 7a/3 AM-Measures Applicable to Plant State 
Intervals of Accident Sequence 7a: 

(7a-2 --> 7a-3) 

1 Plant Stat 
Plant State interval 

Accident Sequence 
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Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
c 1 h ^ - : 

Opening Safety- or relief Valve sec. 
Feedwater tank, mobile pumps 
Depress. PRZ valves' 
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Failure of High Pressure Injection Shutdown 
during: 

SG-Tube-Rupture, 1 tube 

SG-Tube-Rupture, 10 tubes 
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4.8 Failure of High Pressure injection Shutdown 
during SG-Tube Rupture 

Failure of High Pressure Injection Shutdown is defined as the inability 

to take the HPi-pumps out of action. A reason for this could be a 

systematic mechanical failure or a failure of the electrical signal 

transmission. Consequently the HPI-pumps will continue to inject 

unti l the RWSTs are exhausted. 

In case of SG-Tube-Rupture, this system failure will lead to à SG». 

secondary overfill and consequently to an insurge of water into the 

Main-Steam-Line (MSL). The consequences might be a MSL-Break due 

to high water loads or a stuck open valve as the result of long term 

cycling under two-phase conditions. In the latter case a direct release 

path for radioactive coolant to the environment will exist and cannot 

be stopped. Without any AM-measures, core meltdown cannot be 

prevented. 
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4.8a Failure of High Pressure Injection Shutdown with SG-Tube-Rupturef 

1tube 

Initial and Boundary Conditions 

- Steam generator-Tube rupture at ful l power, load 
- Additionally Total failure of HPI shut off 
- No operator action , 

This scenario is similar to sequence 1d1. The additional failure of HP! shut off 
means, that the HPI will continue until the BWSTs are exhausted. Under these 
conditions SG-overfilling cannot be avoided. 

Available safety systems 

Shutdown rods 
Aux. f eedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) + 
HPIS(RWST) 
LPIS(RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
-f-
+ 

( # ) 

# 

+. 
+ 
+ 

Sump water inventory 
HPI (sump recirc) 
LPI (sump recirc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

— 

— 

— ; 

+' 
+ 
+ 
+ 
-

+ available # disturbed - unavailable 

Fig- 4.- 8a/1 Brief Scenario Description, Accident 
Sequence 8a: Failure of HPI Shutdown with 
SG-Tube Rupture, 1 tube 
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Description of Plant States (PS) and Plant State Intervais (PSI) 

The relevant plant states, plant state intervals and associated thermo 
hydraulic parameters of the sequence 8a are shown in fig.4-8a2. 

8a/0-8a/1 - After the rupture of a single SG tube, scram and turbine 
tr ip is initiated due to the high activity level in the affected MSL As a 
consequence of thé break f low, the primary pressure decreases 
rapidly together.with the level in the pressurizer. This leads to the 
initiation of the ECC-Criterion, which activates the start of the HPIS 
and the cast down of the RCP's. The pressure on the secondary side is 
controlled by the MRSV releasing activity into the environment. The 
water level in the affected SG increases while the water level in the 
intact SG is kept constant by the level-control. 

8a/1 - 8a/2 - After about 1 hour the affected SG is going to be 
overfillied and water is collected in the MSL Because the MSLs are not 
designed for large dynamic water toads it is assumed a MSL-Break 
outside the containment. Due tb the quick pressure drop in the MSL 
the reactor protection system causes the closure of the isolation 

, valves and keeps the relief valves closed. 

Secondary pressure of the affected SG increases to the setpoint of the 
MS Safety Valve which begin to cycle and stuck open after a while. 

8a/2 - 8a/3 - The stuck open MS Safety Valve causes a fast cooldown 
of the primary side and an increase of the leakflow due to the high 
differential pressure. After about 8 hours the water storage tanks will 
be depleted and the H PI becomes ineffective. Simultaneously the 
natural circulation in the intact loops will be terminated as a result of 
the reverse heat transfer in the intact SG. 

8a/3>8a/4- Due to the halting of the HP! the primary pressure drops 
sharply until the sêtpoint of the accumulator injection is reached. 
During the accumulator injection, the primary temperature is 
increasing because of the low injection mass-flow. 
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8a/4-8a/5 - After the depletion of the accumulators, pressure on the 
primary increases rapidly until the energy loss out of the leak is 
equivalent to the decay heat (ca. 80 bar). Under this.condition the 
inventory of the primary side will boil off. Heat up of the core takes 
place after the core becomes uncovered. 



• «/ • 
& 

100 -

Scram. RCP's 
turfctrip off 

Isolation of MSSV*stuckopen Water 8«ajnof 
the sec. side (ca. 4000a), natural storage aecunw-

. drcutatfonsinint tanks empty Injection 
aff.SG overfilled loops stops (ca. 30000s) 

End of 
accùm,-
Injection 

3 

Laak Begfnof 
trncovery core 
on primary uncovery 

Scram, ncP's aff.SG teolaiton MSSV 
turb.Wp off overfilled of the stuck open 

sec. side (ce. 4000s) 

Water 
storage 
tanks empty 
(ca. 30000s) 

End of Leak Begtivof 
accum;- unc'overy core 
Injection on primary uncovéry 

side 

Fig.4-8a/2a Plant States,Accident Sequence 8a : Failure of 
HPI Shutdown with SG-Tube Rupture, 1 tube 
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Plant States 

Primary 
- pressure bar 
- temperature core inlet °C 
- RPV inventory S6 
- cladding temp "C 
- total leakmassflowkg/s 

Pressurizer 
- inventory % 
- temperature °C 

Secondary 
.- pressure aff. SG bar 
- pressure int. SG bar 
- temperature aff, SG X 
- temperature înt.SG °C 
- colUevelaff.SG%of 

total heigh . 
- coll. level int. SG%.of 

total height • 

Plant State Description 

. 8a-0 

158 
• 29.0 

100 
-330 

-35 (max.) 

<100 
340 
, i 

.64 * 
64 

270 
270 

. -70 

- 7 0 

-Scram due to 
high activity 
level in MSL 

- Turbine trip 

8a-1 

108 
290 
100 

-330 
- 2 0 

- 1 2 
315 

78 
78 
290 
290 

> 1Û0 

.-60 

- ECC-Cr iter ion 
-RCP'soff 
-start of HPi 
-aff.SG 

becomes 
overfilled 

8a-2 

110 
293 
100 

-335 
- 2 5 

- 1 2 
315 

nodetailt 

86 
78 

290 
290 

>100 

- 6 0 

-MSSVofaff. 
SG stuck open 
after cycling 

- natural 
circulation in 
int. loops 
stops 

8a-3 

-100 
- 1 5 0 

100 
-150 

- 5 0 . 

- 1 2 
-150 

8a-4 

- 1 0 
~ts . 
100 

-180 • 
- 5 

- 1 2 
-180 

8à-5 '. 

-85 
- t s 
50 

-300 
- 1 5 ' 

r ! 2 • 
• -300 . 

îdanalyses available (estimated values) 

- 5 . 
78 

. 145 
290 
- 8 5 

•-60 

- Water storage 
tanks empty 

- 3 . 
78 

-130 
290 
-75 

- 6 0 , 

- end of 
accumul. 
injection 

- 2 
78 

-120 • 
290 
- 3 0 

- 6 0 

- after leaks 
uncovery 
primary side is 
boiling off 

7 heat up of 
core 

Fig. 4 - 8a/2b Associated Parameters, Accident Sequence 8a: 
Failure of HPI Shutdown with SG-Tube 
Rupture, 1 tube 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in fig* 4 - 8a/3. 

8a/0-8a/1 - It is assumed, that the first operator intervention wil l not 
be performed until after 30 min. At that time the HPI is already 
operating, fil l ing up the affected SG, while on the secondary side the 
pressure is controlled by the Main Steam Relief Valves. The affected 
SG has been identified by the radioactivity of the letdown mass-flow. 

Thé isolation of the affected SG wil l not be performed because zero 
f low head of HPI-pumps is higher than the set pressure of the MSSV. 

In this early stage a fast cooldown of all SGs would be the appropriate 
AM-measure. So the RHRS can be used as soon as the RSWT are 
exhausted. Because of the high steam release during the cpoldown> 
overfilling of the affected SG can be postponed and a Main Steam 
Line Break possibly be prevented* 

8a"/1 - 8a/2 - A fast cooldown of all SGs is still the appropriate A d 
measure. 

8a 12 - 8a73 - At this stage the plant is already outside its design-basis 
limits with a stuck open valve in the Main Steam Line of the affected 
SG. The fast cooldown of the secondary is still effective. Additionally 
primary bleed can be activated to save coolant from the RWST to the 
sump. In this case, however, the containment becomes contaminated 
which will be a problem when the leak in the SG will be isolated. 

8a/3-8a/4 - As soon as the RWST are empty and the primary pressure 
drops below 30 bars the RHRS can be activated to keep the primary 
temperature on a low level. If the auxilliary feedwater source'. is 
exhausted, secondary bleed and feed can be carried out. 

8a/4 - 8a/5 - After the injection of the accumulators has ended 
primary feed by the make-up system it is necessary to keep the water 
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level in the RPV above the center line of the loops, in this case heat 
removal by the RHRS can be continued. When the temperature on the 
primary has dropped below 80 °C the plant is in a stable and safe 
condition, even if the primary feed will be terminated. 

8a/5-f - If ail previous AM-measures have failed primary bleed will be 
successful to avoid core melt at high pressure. 
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AM-Measures 

Bleed Sec. 
{Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim, 
(al ternat ive pr im, feed 
w i t h make-up system) 

Secondary cooidown 

RHRS 

Plant States Intervals 

8a-0~> 
8a-1 

X 

8a -1 -> . 
8a-2 

X 

8 a - 2 - > 
8a-3 

X 

,<x) . 

X 

X 

8a -3 -> 
8a-4 

X 

X 

to 

"' X ' 

X 

X 

( 

8a-4--> 
8a-5 

to 

X 

X 

> 8a-5H 

X 

* alternative strategy If available 

Fig.4-8a/3 AM-Mf 
Plant S 
Accidei 

masures Applicable to (8a" 
tate Intervals of 
it Sequence 8a 

Bleed Sec (Depress) : < 

Feed Sec. : 
Bleed Prim. : 

242 Feed Prim. . : 

1~:>8a-2) — " | 

I ' 
I Plant Stat 

Plant State Interval 

Accident Sequence , 

Opening Safëty-^or relief 
tfalve sec. 
Feedwatertank, mobile pi 
Depress. PRiZ valves 
HPIS, (LPIS), CVCS, Accurni 



4.8b Failure of High Pressure Injection Shutdown with SG-Tube-Rupture, 10 
tubes 

initiai and Boundary Conditions 

- Steam genertor-Tupe rupture (10 tubes) at full power load 
- Additionallyfailureof HPIshutoff 
- No.operator action > 

This scenario Is similar to sequence 1d2. The additional failure of HP! shut off 
means, that the HPI will continue until the RWSTs are exhausted. Under these 
conditions SG-overfilling cannot be avoided. 

In case of multiple SGTR the time responce for applying AM-measures Is very 
short. For this reason a MSL-BreaK or a stuck open .MSSV is very probable! 

Available safety systems 

Shutdown rods + 
Aux. f eedwater + 
Controlled steam relief (relief valves) + 
Steam relief (safety valves) + (#) 
HPIS(RWST) # 
LPIS(RWST) + 
RHRS-Heat exchangers + 
RHRS-Pumps - " + 

Sump water inventory 
HPI (sump recirc.) 
LPI (sump recirc.) 
AC power supply , 
SG isolation 
Pressurizer relief valve(s) 
Pressurizer safety valve(s) 
Containment cooling system 

•«. 

• -

.—. 

+ ' 
+ 

. + 
+ 
— . 

+ available # disturbed•'*- unavailable 

Fig.4-8b/1 Brief Scenario Description 
Accident Sequence 8b: Failure of HPI Shutdown 
with SG-Tube Rupture, 10 tubes 
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Description of Plant States (PS) and Plant States intervals (PS1) 

The relevant plant states, plant state intervals and associated thermo 
hydraulic parameters of the sequence 8b are shown in f ig. 4-8b/2. 

In case of a multiple SGTR (10 damaged tubies) the accident scenario is 
very similar to sequence 8a, except the time response is much shorter. 
This circumstance leads to the fact, that 1.5-30 minutes after the start 
of the transient the plant is already outside its design-basis limits. 
Because of the larger leak-massflow the depletion of the RWST will 
also occur earlier. 

8b/0-8b/1 - After the rupture of 10 SG tubes, scram and turbine trip is 
initiated due to the high activity in the affected MSL As a 
consequence of the break flow the primary pressure decreases rapidly 
together with the level in the prëssurizer. This leads to the initation of 
the ECC-Griterion which activates the start of the HPIS and the cast 
down of the RCPs. The pressure on the secondary side is controlled by 
the MSRV releasing activity into the environment. The water level in 
the affected SG increases while the water level in the intact SG is kept 
constant by the level-control. 

8b/1 - 8b2/2 - After about 15 minutes the affected SG is going to be 
overfilled and subcooled water is collected in the MSL Because the 
MSLs are not designed for large dynamic vyater loads it is assumed à 
MSL-Break outside the containment. Due to the quick pressure drop, 
the reactor protection system causes the closure of the isolation 
valves and.keeps the relief valves closed. Secondary pressure of the 
affected SG increases to the setpoint of the MS Safety Valve which 
begins to cycle and stuck open after a while. 

Sb/2 - 8b/3 - The stuck open MS Safety Valves causes a fast cooldown 
of. the primary side and an increase of the leakflow due to the high 
differential pressure. After about 2 hours the water storage tanks wil l 
be depleted and the HPI becomes ineffective. Simultaneously the 
natural circulation in the intact loops will be terminated as a result of 
the reverse heat transfer in the intact SG. 

24.4 



8b/3 - 8b/4 -Due to the halting of the HPI the primary pressure 
reduces sharply until the setpoint of the accumulator injection is 
reached. During the accumulator injection, the primary temperature 
is increasing because of the low injection massflow. 

8b/4 - 8b/5 - After the depletion of the accumulators, pressure on the 
primary Increases rapidly until the energy loss out of the leak is 
equivalent to the decay heat. At a constant pressure of about 10 bar 
the inventory of thé primary side will boil off. Heat of the core takes 
place after the core becomes uncovered. 
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Water Begin of 
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End of "uak V . 'Begin of 
accum.-. uncovery core 
injection on primary uncovery 
(ca. 9000s) (ca. 110008) 

100 

Scram, RCP's 
turb.trlp off 

Ï 
Isolation of MSSV 
the sec. side stuck open 

{ca.150ûe) 
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Water Begin of 
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End of 
accum.-
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(ca. 9000s) 
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Leak Begin of 
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on primary uncovery 
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Fig. 4-8b/2a Plant States, Accident Sequence 8b: Failure 61 
HPI Shutdown with SG-Tube Rupture, 10 tubt 
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Plant States 

Primary 
- pressure bar 
- temperature core iniet°C 
- RPV inventory % 

• - cladding temp °C 
- total leakmassflowkg/s 

Pressurizer 
- inventory %' 
- temperature °C 

Secondary 
- pressure a f t SG bar 
- pressure int. SG bar. 
- . temperature aff.SG°C 
- temperature int.SG°C 
- coll. level aff. SG % of 

total heigh 
- coll. level int. SG.% of 

total height 

Plant State Description 

8b-0 

158 
290 
100 

-330 . 
—300 (max.) 

<100 
' 340 

, 

64 
64 

270 
270, 
- 7 0 

- 7 0 

- Scram due 
high activity 
level in MSL 

- Turbine trip 

8b-1 

- 8 5 
. .290 

100 
~ts 

-100 

- 1 2 
. -300 

78 
78 
270 
250 

>100 

- 6 0 . 

- ECC-
Crîterion 

-RCP'soff 
-star t of H PI 
-aff.SG 

overfilled-

8b-3 

^-95 
290 
100 • 

- - t s 
. -130 

- 1 2 
-300 

no detaik 

- 8 6 
78 
270 
250 

>100 

-60 

- MSSVofaff. 
SG stuck 
open after 
cycling 

- natural 
circulation in 
int. loops 
stops 

8b-4 

- 37 
200/180 

100 
-120 
-240 

- 1 2 
-170 

8b-5 

8 
- t s 

- 100 
- 1 7 0 
- 4 0 

- 1 2 
- 1 5 0 

id analyses available (est imated 

_ 
-13 * 
78 

• 85 
250 

. >100 

-60 

- Water 
storage tanks 
e.mpty 

- S 
78 
150 
250 

>100 

' - 6 0 

- End of 
accutniu. 
injection 

8b-6 

- 1 0 
- t s 
50 

-180 
- 1 5 

- 1 2 -
-160 

values) 

- 7 ' 
78 
140 
250 

- 8 0 

- 6 0 ' 

- after leak 
uncovery 
primary side 
is boiling off 

- heat up of 
core 

Fig. 4-8b/2b Associated Parameters, Accident Sequence 8b 
Failure of HPI Shutdown with SG-Tube 
Rupture, 10 tubes 
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Description of AM-Measures Applicable to Plant State Intervals 

The relevant AM-measures are shown in f ig. 4 - 8b/3. 

8b/0 - 8b/2 - Despite the rapidly increasing water level in the affected 
SG it is assumed that no operator intervention will be performed until 
after 30 min. At this time a leak to the atmosphere due to a stuck 
open valve is probably existing and cannot be shut off. 

8b/2 - 8b/3 - . Referring to the existing leak to the atmosphere which 
cannot be shut off the only appropriate AM-measure is to initiate a 
rapid secondary cooldown in order to bring thé primary temperature 
below 80 °C As mentioned, in thé previous case, ioslation of the 
affected SG during the operating of the HPI should, not carried out 
because the zeroflow head of the HPI-pumps is higher than the set 
pressure of the MSSV. 

Primary bleed in addition to the secondary cooldown might be also 
possible. Because of the large break-size in the affected SG it is 
necessary to use the entire valve capacity in order to save coolant 
from the RWST to the sump. If there is less coolant than the inventory 
of one RWST to the sump. If there is less coolant than the inventory of 
one RWST the recirculation mode cannot be carried out. 

Disadvantages in connection with .primary bleed is the contamination 
of the containment which leads to greater problems when the leak in 
the damaged SG-tube has to be sealed off. 

8b/3 - 8b/4 - When the RWST are depleted, the primary pressure and 
temperature are low enough for operating the RHRS. Together with 
the secondary cooldown these AM-measures might be effective 
enough to bring the primary temperature below 80 °C If the 
auxilliary feedwater supply is not f lowing through, secondary bleed 
and feed is to be activated as soon as the secondary side has dried out. 
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8b/4 - 8b/5 - After the injection of accumulators is receded, primary 
feed is necessary to keep the water level in the RPV above the center 
line of the loops. So heat removal by the RHRS can be continued. 

Primary feed might by carried out by the make-up and borating 
system, which are capable to replace the mass losses out to the leak. . 

When the temperature on-the primary reaches ~ 80 °C, primary feed 
is no longer necessary and can be shut off. As long as the RHRS is 
operating the plant is in a stable and save condition. 

8b/5-f - If all previous AM-measures have failed primary bleed wil l be 
successful to avoid core melt at high pressure. 
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AM-Méâsures 

Bleed Sec. 
(Depressurization) 

Feed Sec. (Aux.. 
Feedw.) 

BlèedPrim. 

Feed Prim, (alternative 
prim, feed with make
up system) 

Secondary cooldown 

RHRS 

8b-0--> 
8b-2 

.* 

Plant States intervals 

48b-2--> 
8b-3 

(X) 

X 

8b-3«> . 
8b-4 

(X) 

. (x) 

X 

X 

8b-4-> 
8b-5 

(x) 

X 

X 

>8b-S 

' 

X 

. 

_ 

Fig.4-8b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 8b 

Bleed Sec. (Depress) 

Feed Sec. 
Bleed Prim. 
Feed Prim. 

(8b-2-->8b-3) 

Plant State 
Plant St 
Interval 

Accident Sequence 

Opening Safety-or relief 
Valve sec. . 
Feedwatertank, mobile pur 
Depress. PRZ valves 
HPIS, (LPIS), CVCS, Accumula 
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4.9 Failure of Steam Generator Isolation during: 

4.9a SG-Tube-Rupture ^ 2F 

49b SG-Tube-Rupture <> 20F 

4.9c Steam Line Break outside of Containment 
followed by Steam Generator Tube-
Rupture < 2F . 
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4.9 Failure of Steam Generator Isolation with SG-
Tube-Rupture 

Failure of SG Isolation is defined as the inability to. close the Main 

Steam Isolation Valves (MSIVs) automatically or manually. If this 

happens during a SG tube rupture, the operator cannot isolate the 

affected SG in order to terminate the leakf low to the secondary side. 

Due to the continuous leakf low, injection on the primary is necessary 

t o keep the core region filled. 
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4.9a Failure of Steam Generator Isolation with SG-Tube-Rupture < 2F 

Initial and Boundary Conditions 

- Steam generator-Tube rupture at full power load 
- Additionally failure of SG-lsolation 
- No operator action 

This scenario is similar to sequence 1d1. The additional failure of SG-isolation 
means, that the leckage into the aff. SG cannot.be stopped. Thus, the operator 
must try to minimise leakage by applying appropriate AM-measures. 

Available safety systems 

Shutdown rods + 
Aux. feedwater ' • + 
Controlled steam relief (relief valves) + 
Steam relief (safety valves) + (#) 
HPIS(RWST) + 
LPIS(RWST) + 
RHRS-Heat exchangers + 
RHRS-Pumps + 

Sump water inventory 
HPI (sump recirc.) 
LPI (sump recïrc.) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

.•-. 

• -

— 

+ 
— 

+ 
+ 
—. 

+ available # disturbed unavailable 

Fig.4~9a/1 Brief Scenario Description, Accident 
Sequence 9a: Failure of SG-lsolation with SG 
Tube Rupture < 2F 
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Description of Plant States (PS) and Plant State intervals (PSD 

The relevant plant states, plant state intervals and associated thermo 
hydraulic parameters of the sequence 9a are shown in f ig, 4-9a/2. 

The scenario of this sequence is a little different from that of case 8a. 
The differences occur between plant state 1 and 2, where the 
affected SG will not be isolated automatically due to a failure of the 
Reactor Protection System. Without any AM-Measures this sequence 
wil l lead to a stuck open valve followed by vaporization of. the 
primary.side after the RWST and the accumulators are depleted. 
Additionally the feedwater supply will be exhausted after **- 10 hours 
as a result of the isolation failure. Under these circumstances the 
sequence wil l eventually end in core melt. 
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turb. trfp off 
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Fig. 4-9a/2a Plant States, Accident Sequence 9a: Failure of 
Steam Generator Isolation with SG 
Rupture, 1 tube 
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Description of AM-Measures Applicable to Plant State intervals 

The relevant AM-measures are shown in f ig. 4 - 9a/3. 

Similar to the previous case it is assumed, that the first operator 
intervention will not be performed until after 30 min. At that time 
the HPI is already operating, filling up the affected SG while on the 
secondary side the pressure is controlled by the MS relief valves. The 
plant is still within its design-basis limits.. 

9a/0-9a/1 - In order to reduce the leakage of the secondary side and 
to slow down the still rising water level in the affected SG, all HPI-
pumps are switched off, after the ECC-criterion "Low level in 
pressurizer" has been overridden. 

In the following time it is assumed that the operator tried to perform 
the isolation of the affected SG to terminate the leakage, but wi l l fai l . 
Due to this one HPI-pump has to be switched on again to keep the 
primary fi l led. 

At about 1 hour all preparations have been made to initiate a rapid 
cooldown of all SGs. The primary coolant becomes increasingly 
subcooled while the primary pressure remains constant at a level of 
about 90 bars. During this cooldown thé affected SG gets overfilled. 
Despite this, water loads in the Main Steam Line are low because of 
the low HPI-injection and the high steam release due the rapid 
depressurization. So a Main Steam Line break is not expected. 

The last operating HPI-pump can be switched off after the primary 
temperature has dropped below 180 °C This results in a sharp 
pressure decrease oil the primary until saturation is achieved. At this 
time the primary is still completely filled with coolant 

Under these conditions the RHRS can be activated together with the 
make-up system. The latter system will keep the water level in the 
prmary below the center line of the loops, being necessary as long as 
the primary temperature has not dropped below 80 °C. After this 
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point the RHRS is solely able to keep the plant in a stable and save 
condition. 

9a/1 -9a/2- Rapid cooldown of the intact SG as described above. 

9a/2 - 9a/3 - At this stage the plant is outside its design limits as a 
result of a stuck open valve. The rapid cooldown is still an appropiate 
measure. If the auxiliary feedwater source is exhausted secondary 
bleed and feed can be carried out. 

9a/3 - 9a/4 - As soon as the RWST are empty and the primary pressure 
drops below 30 bars the RHRS can be activated to keep the primary 
temperature on a low level. 

9a/4 - 9a/5 - After the injection of the accumulators has receded, 
primary feed bythe make-up system is. necessary to keep the water 
level in the RPV above the center line of the loops. In that case heat 
removal bythe RHRS can be continued. When the temperature on the 
primary has dropped below 80 °C the plant is in a stable and save 
condition, even if the primary feed will be terminated. 

9a75+ - If all previous AM-measures have failed primary bleed will be 
successful to avoid core melt at high pressure. 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim, 
(alternative prim, feed 
w i th make-up system) 

Shut down of H PI after 
overriding ECC- . 
Criterion 

Secondary cooîdown 

RHRS 

9a-0--> 
9a-1 

X 

9a-1 - > 
9a-2 

X 

X 

X 

X 

Plant States Intervals 

9a-2~> 
9a-3 

X 

(X) 

X 

X 

X 

9a-3 - > 
9a-4 

X 

X 

X 

X 

-, 

X 

X 

9a-4-->-
9a-5 

X 

X 

X 

X 

X 

>9a-5 

• 

X 

* alternative strategy if available 

Fig.4~9a/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 9a 

Bleed Sec. (Depress) 

Feed Sec. 
Bleed Prim. 
Feed Prim. 

: 2 .S ft 

(9a-1 ->9a-2) 

I 
Plant State 

Accident Sequence 

Opening Safety-or relief 
Valve sec. 
Feed water tank, mobile | 
Depress. PRZ valves . 
HPIS, (LPI5), CVCS, Accum 



4.9b Failure of Steam Generator Isolation with SG-Tube-Rupture ^ 20F 

Initial and Boundary Conditions 

- Steam genertor-Tupe rupture at ful l power load 
- Additionally failure of SG-lsolation 
- No operator action 

This scenario is similar to sequence 1d2. The additional failure of SG^isolation 
means, that the leakage into the aff SG cannot be stopped- Thus, the operator 
must try to minimize leakage by applying appropriate AM-measures. In case of a 
multiple SGTR thé time response for applying AM-measures is very short. For this 
reason a MSL-Break or a stuck open MSSV is very probable. 

Available safety systems 

Shutdown rods 
Aux. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) + 
HPIS (RWST) 
LPIS (RWST) 
RHRS-Heat exchangers 
RHRS-Pumps 

+ 
+ 
+ 

( # ) 

-f-

+ 
+ 
+ 

Sump water inventory 
HP! (sump retire) 
LPI(sumprecirc) 
AC power supply 
SG isolation 
Pressurizer relief valve(s) 
Pressiirizer safety valve(s) 
Containment cooling system 

.— 

— • 

— • 

+ 
— • 

+ 
+ 
— 

+ available # disturbed - unavailable 

Fig. 4-9b/1 Brief Scenario Description 
Accident Sequence 9b: Failure of SG-lsolation 
with SG-Tube Rupture < 20 F 
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Description of Plant States (PS) and Plant States Intervais (PSI) 

The relevant plant states, plant state intervals and associated thermo-
hydraulic parameters of the sequencs 9b are shown in f ig. 4-8b/2a u. 
2b. 

The scenario of this sequence is similar to that of case 8b. Without any 
AM-nrieasures this sequence will lead to a stuck open valve due to the 
SG overfilling within 20 minutes and eventually to core melt. 

Description of AM-Measures Applicable to the Plant States Intervals 

The relevant AM-measures are shown in Fig. 4-9b/3. 

The relevant AM-measures to be applied in this case are largely the 
same as in sequence 1d2. Distinctions are only to be made between 
plant states 2-3 where due to the still existing secondary heat sink the 
appropriate AM-measure will be a rapid cooldown of all SGs. 

Providing that ho Main Steam Line Break or a stuck open MS Safety 
Valve occur and the isolation of the affected SG will be performed 
automatically by the dp/dt-criterion due to condensation effects, the 
operator must only switch off all HPI-pumps to bring the plant in a 
stable and save condition. 

In case that the isolation of the affected SG will fail, 3 of 4 HPI-pumps 
can be shut off. The last HPI-puhnp is left running to compensate the 
leak mass f low and thus keep the primary fi l led. 

in addition an early cooidown of all SGs is useful to bring the primary 
coolant temperature below 180 °C when the RWST have been 
exhausted. For this task, secondary bleed and feed is indispensable 
because the secondary heat sink wil l be available only for some hours 
as a result of the, non-isolated affected SG. Under these conditions 
long term cooling can be achieved after the RHR- and the make-up 
system have been activated. 
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AM-Measures 

Bleed Sec. 
(Depressurization) 

Feed Sec 

Bleed Prim. 

Feed Prim. 

Feed Prim, (alternative 
prim, feed with make-
up system) 

RHRS 

Shutdown of HPI 
after overriding ECC-
Criterion 

Secondary Cooldown 

. 

9b-2~>3 

(X) 

X 

X 

Plant States Intervals 

9b-3«>4 

(X) 

x 

X 

9b-4-->5 

X 

X 

X 

X 

> 9b-5 

(X) 

X 

• 

Fig. 4^9b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 9b: 

Bleed Sec. (Depress) 

Feed Sec; 
Bleed Prim. 
Feed Prim. 

(9b-2 -̂> 9b-3) mmmmmm 

Plant State 
Interval Plant State 

Accident Sequence 

Opening. Safety-or relief 
Valve sec. 
Feedwatertank, mobile pumps 
Depress. PRZ valves 
HPIS, (IPIS), CVCS, Accumulator 
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4.9c Steam line break outside of Containment followed by SGTR 

Initial and boundary conditions 

- Steam line break at full load 
- induced SGTR 

The steam line breaic is supposed to be non isolable i.e. upstream of the isoiatio 
valve. The fast depressurization of the affected secondary side induces tube 
ruptures on this steam generator. 

Because of the ex-çontainment break, the sump will remain empty and the HP!/ 
systems not available in recirculation mode. All other safety systems are availab 
see table below. 

Available safety systems 

Shutdown rods 
Aux. feed water 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS'(RWST) 
LPIS(RWST) 
RHRS-Heat exchanger 
RHRS-Pumps 

• •• 

+ 
+ 
+ . 
+ 
+ • 
+ 
+ 
+ 

Sump water inventory 
HPI (sump retire.) 
LPI (sump recirc J . 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment spray 

• + available - unavaila 

Fig.4-9c/1 Brief Scenario Description 
Accident Sequence 9c: Steam line Break outside 
of containment followed by SGTR 
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Description of plant states and plant state intervals 

The relevant plant states (PS), plant state intervals (PS!) and associated 
thermal hydraulic parameters of sequences 9c are shown on f ig. 4-
9c-2. 

9c-0 -» 9c-1 - The rapid pressure decrease on the secondary side 
produces a Si signal, leading to scram and secondary steam isolation. 
The auxiliary feedwater and the break flow fi l l the ruptured steam 
generators secondary and liquid flow may appear at the break. The 
faulted steam generator pressure falls close to 1 bar. Due, to the . 
primary break (SGTR) and the contraction of primary fluid (scram and 
cooldown by the faulted steam generator) the primary pressure 
decreases. The set point of accumulator (and possibjy LPIS) Injection is 
reached. 

9-/1 --» 9c-2 - According to design procedures, a few minUts after the 
SI signal, the operators diagnostics either a SGTR or a SLB. In both 
cases, the faulted SG is isolated (auxiliary feed water isolation). The 
assumption that the break cannot bë isolated outside of the 
containment can be made. The operators then try to stabilise the 
reactor. À cooldown at a fixed rate is undertaken using the intact 
steam generators. In order to decrease the primary pressure, the 
safety injection rate can be reduced. The primary inventory is 
recovered; the faulted steam generator remains full and the SLB f low 
in. liquid form. 
During this PSI, the water storage tank progressively empties to the 
outside of the containment, via the SGTR and SLB. 

9c-2 --> 9c-3 - When the storage tank is empty, the sump also being 
emtpy, safety injection is unavailable and the primary mass inventory 
begins to decrease; leading to core uncovery, 

9c-3 - ^ 9c-4 - As the care begins to uncover, the clad temperature rise 
and superheated steam appears at the RPV outlet. 
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TCC) 
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PlantStates 
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- . pressure bar 
- . temperature RPV, °C 
- RPV inventory % 
- core power. % 
- pressurizer inventory, % 

Secondary 
- activity 
- . pressure; bar 
- inventory, % 

Containment 
- activity 
- pressure, bar 
- sump level 

Systems 
- RWST level 
- AFWtank level 

Out Containment activity 

Plant State' Description 

9c-0 

155 
327 
100 
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66 

no/ho-yes 
58 
100 

no 
normal 
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> max 
> max 

no 

- full load 
- SUB 

- multiple SGTR 

9c-1 

10 
180 
60 

decay 

no/yes 
55/1 

757>100 

no 
normal 

low 

<max , .>m in 
< max, > min 

yes 

- liquid loss at 
SUB 

9c-2 

4 
100 
100 

decay , 
0 

no/yes 
10/1 

100/fuIi 

no 
. normal 

tow 

<min 
<max, >min 

yes 

- RWSTempty 

9c-3 

4 
100 
50 

decay 
0 

no/yes 
10/1 

ioo/>ioo 

no 
normal 
low 

<min 
<max, >min 

yes 

- core 
uncovering 

9c-4 

• 4 
700 
30 

decay 
0 

no/yes 
10/1. 

100/<100 

no 
normal 

tow 

<min 
<max, >min 

yes 

- RPV exit 
superheat 

Fig. 4-9c/2 Plant States and Associated Parameters 
Accident Sequence 9c: Steam line Break 
outside of containment followed by SGTR 
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Description of AM-Measures Applicable to Plant State Interval 

The relevant AM-measures are shown on fig. 4-9c/3. 

9c-0-->9-/1 - No AM-measure applicable 

9c-1-^9c-.2- Based on normal containment conditions, low RWST. 
(evef and very low sump level, a primary break outside of 
containment can be diagnosed, The most.important action is to 
depressurize and cool down the primary circuit using the safe SG and 
the RHRS below 100 °C, in order to cancel the break flow at 
atmospheric pressure. In addition, alternative SI water is made 
avallabie (RWST of the twin plant for example). RHRS must be 
connected as soon as possible in order to cancel the break flow before 
the RWST is empty. 

9c-2 -» 9c-3 - The cooldown and search for alternative SI'water 
continue during this PSL -

9c-3 -» - The cooldown and search for alternative SI water continue 
during this PSL In addition, based on a high core exit superheated 
temperature or a vessel very low level, the pressurizer PORVs are 
opened to avoid.a high pressure core melting. 
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AM-Measures 

BleedSec 
(Depressurization) 

Feed Sec. 

Bleed Prim. 

Feed Prim. 

Fast RHRS connection 

Plant States Intervals 

9G-1-»9C-2 9c-2 -» 9c-3 

x 

x(*) 

x 

9c-3 

x 

X 

x(*) 

X 

(*) if possible 

Fig. 4 - 9c/3 Plant States and Associated Parameters 
Accident Sequence 9c: 

Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 

(9c-1 - > 9c-2) 

Plant State 
Plant State interval 

Accident Sequence 

Opening Safety- or relief Valve sec. 
Feedwater tank, mobile pumps 
Depress. PRZ valves 
HP1S, (LPIS), CVCS, Accumulator 



4.10 Loss of Containment Isolation with: 

4.10a Pipe break small of Interfacing Systems outside Containment 

4.10.b Pipe breakmedium of Interfacing Systems outside 
Containment 
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4.10 interfacing Systems LQCA Scenarios Description 

interfacing systems LOCAs (of different sizes, f rom small to large) can be produce 
by the following types of failure: 

- disc rupture of the check valves in the cold leg injection/recirculation lines, 
-. disc rupture of the check valves and disc rupture or disc transfer open of the 

motor-operated isolation valve in the hot leg injection/recirculation lines, 
- disc rupture of two, series, motor-operated valves In the suction piping of the 

RHR system. 
Due to the coolant loss outside the containment, no water in the containment 
sump is available for the recirculation phase. As a consequence, after the 
depletion of the safety injection systems tank, injection into the primary is 
precluded. 

An early core melt occurs if the HPI-Saftey System and the CVCS fa ils as the 
consequence of the leakage outside the containment. For the described case it is 
assumed that one high pressure injection pump remains available and leads to 
late core damage, following depletion of RWST, that can take place in a time 
frame up to 10 -12 hours, depending on the number of systems taking suction 
from the tank (e.g. safety injection, containment spray). For instance, for a 2" 
equivalent diameter break in the hot leg, with t w o emergency feedwater pumps 
and one high pressure injection pump available, less than 10 % of the condensât! 
storage tank mass has to be injected in the first two hours to compensate the 
primary water inventory losses during this t ime; about 5% of the feedwater tank 
water has also to be consumed. ' 

Two main sequence branchings can take place: 

- The primary depressurization has been successfully performed, by operator 
actions (most likely controlled primary cooldowri through SG); nevertheless j 
primary and secondary water sources are going to deplete. When the primary 
injection stops, the break flow is very low; when the secondary vi/ater source 
also depletes and the SGs dry-out, the primary pressure will begin to rise. 
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- The primary pressure is at a high value when the primary injection stops, 
because operator depressurization attempts were unsuccessful. Even in the 
former case, the core damage takes place at high pressure, with behaviours as 
close to Accident Sequence 4.6c as smaller the break area and the time 
elapsed from the beginning of the accident are. 

In the Medium size break case, after the break occurs, the reactor coolant system 
tends to depressurize down to a pressure that may be higher or lower than 
accumulator injection setpoint, but is higher than the low pressure injection or 
the RHR pumps heads. In the reference case (4" eq. diam. break), the 
accumulator injection setpoint is reached. 

This sequence can lead to late core damage, following depletion of RWST, that 
can take place in a time period ranging from 30 minutes to 3 hours, depending 
on the number of systems taking suction from it (safety injection, containment 
spray). For instance, for a 4" equivalent diameter break in the hot leg, with one 
HPIS and two emergency feedwater pumps available, less than 6% of the 
condensate storage tank mass has been injected in the first haur; about 3% of 
the feedwater.tanks water has been consumed. 

In this case, emergency feedwater plays a marginal role, because the mass and 
energy lost from the break will remove the residual heat. In the discussion below 
it is assumed that, during the short term, the core has been successfully 
réflooded, following the occurrence of typical phenomena of this kind of 
accidents (e.g.. loop seal blockage and clearing, reverse heat transfer f rom.SG). 
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4.10a Loss of Containment Isolation with Pipe break smali of Interfacing 
Systems outside Containment 

initial and Boundary Condition 

- Small pipe break (about 2" equivalent diameter is assumed in the examii 

case) Outside Containment 

- Success of short term primary injection (one pump) and Steam Generator F< 

(two pumps) 

- Unavailability of water sources for safety injection after the depletion of 

in-containment water tank 

- Unavailability of Water in the Emergency Feedwater Tank at the same tirra 

safety injection unavailability 

For the definition of small break see Chapter 4.3 page 17. 

• 

Fïç 

Available safety systems 

Shutdovvn rods + 
Aux. feedwater + 
Controlled steam relief (relief valves) + 
Steam relief (safety valves) + 
HPIS(RWSt) + 
LPIS(RWST) -
RHRS-Heat exchanger 
RHRS-Pumps . . . • - . - . 

Sump water inventory 
HPI(sumprecirc) = 
LPI(sumprecirc) 
AC power supply 
SG isolation 
Pressurizer relief valve (s) 
Pressurizer safety valve (s) 
Containment cooling system 

+. available - unavaila 

3-4-10a/1 Brief Scenario Descri| 
Accident Sequence 10a: Lo 

3tipn 
ss of Containment 

Isolation with Pipe Break small of Interfacing 
System outside Containment 
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Description of Plant States (PS) and Plant State Intervals (PSI) 

The relevant Plant States, Plant State Intervals and associated 
thermohydraulic parameters of the Sequence 4.10a are shown in f ig. 
4-10a/2 

10a-0-» 10a-1 -This Plant State Interval begins at the. initiating event 
occurence; the reactor is scrammed, one HPI pump injects water to 
balance the leak, two Emergency Feed water pumps feed the Steam 
Generators, maintaining their water levels at nominal value and the 
pressure at Steam Relief Valves set point. 

The primary system stabilizes at a pressure that depends on the break 
area and. location (about 10 MPa in the reference case, not low 
enough for accumulator injection). The pressurizer mass is sharply 
reduced. The fuel temperatures are at values well below normal 
operating temperature. The mass inventory in the unfilled SG 
decreases until almost empty. 

10a-1 -> T0a-2 - At the beginning of this plant state, the high pressure 
injection and the emergency feedwater pumps stop. The heat 
rejection through the Steam Generators continues because the 
residual water in the SG allows continued steaming through the relief 
valves; moreover, some increase in heat rejection takes place owing 
to the increased primary flow through the SGs (high pressure 
injection in the cold legs is no longer available). The primary pressure, 
also decreases because the HPI system is ho longer available. The 
minimum value of system pressure stays higher than Accumulators 
injection setpoint. The fuel temperatures still decrease, the vessel 
inventory begins to decrease. 

10a.2 -» 10a3 - When the water in the SGs is no longer sufficient to 
cause an adequate heat rejection, the pressure trend reverses, some 
primary water enters the pressurizer, the fuel temperature increases. 
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1Qa3 -^ - the pressure set point for primary relief valves Is reached, 
the pressure stays at this value, the vessel mass decreases more 
rapidly, until the. top of active fuel is reached. Then the pressure 
decreases slighty down from the relief valves setpoints, owing to 
lower steam production and the core heats up. 
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time ft) 

Plant States 

Primary 
- pressure bar 
- temperature RPV 

outlet °C 
~ RPV inventory % 
- cladding temp CC. 
-Break f low kg/sec 

Pressurizer 
• - inventory % ' 

- temperature °C 

Secondary 
- pressure bar 
- temperature °C 
- inventory % • 

Plant'State Description 

10a-0 

155 
327 

100 
336 

40 (peak) 

65 
345 

' 66,5 . . 
275 
100 

Full load 
BREAK 

10a-1 

95 
310 

98 
320 
20 

10 
310 ' 

• 77 
293 

2x100-1x15 

- Steady State 
1 HPIS pump+ 
2 Aux f eedw. 
pumps operat. 
RWST EMPTY 
AFWT EMPTY 

10a-2 

82 
• • 297= 

80 
300 

12 

10 
297 

' . 77 . 
293 
3x15 

-AIISGs 

EMPTY 
Liquid Break 
f low 

10a-3 

160 
350 

• 50 
370 

15 . 

70 
350. 

77 
293 

3x15 

Primary Relief 
OPEN 
Steam Break 
f low. 

10a-3 + 

HIGH 

Increasing 
Decreasing 

Core Uncovery 

Fig.4-10a/2 Plant States and Associated Parameters 
Accident Sequence 10a: Loss of Containment Isolation 

with Pipe break small of Interfacing System outside 
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Description of AM-Measures Applicable to Plant State Intervais 

The relevant AM-Measures are shown in fig. 4-10a/3 

IQa-O—»10ar1 - The small break condition can be identified by the 
operator, who is aware of the success of primary refilling and 
secondary heat rejection. The operator can perform the following 
additional beneficial actions, that canjmprove the subsequent plant 
behaviour: 
- isolate the affected line, 
- depressurize the RCSto reduce the leak f low (and the external 

radiological releases) and possibly force Accumulator Injection, 
through; 

* controlled secondary depressurization, 
* opening primary relief valves 

- begin to refill the in-cbntainment tank or to flood the sumps areas 
in the containment, 

- begin to refill the emergency feedwater tanks. 

10a-1-»10a-2 - The failure of the operating safety systems is 
identified by the operator, who can perform the following actions: 
- continue attempting break line isolation, 
- refill injection system storage tanks and restart the pumps, 
- f lood the containment sump areas and restart the pumps after 

having lined up the HPI to the sumps, 
- refill emergency feedwater tanks and restart the pumps, 
- depressurize the RCS to reduce the leak f low and poosibly force 

Accumulator Injection, through: 
* controlled secondary depressurization, possibly 

associated with SG refilling by use of alternate systems, 
* opening primary relief valves. 

10a-2-»10a-3-the same actions above are beneficial and feasible. 

10a-3-> - The same actions above are beneficial, with exception for 
those addressed to thé secondary side that are not effective; the 
primary depressurization is essentially aimed avoiding at high 
pressure core mel t -. 

274 



AM-Measures 

Broken Line 
isolation 

RWST refilling 

AFWT refilling 

Sumps flooding 

Bleed Sec 
(Depressurization) 

Feed Sec. 
(alternate means) 

Primary bleed 

Primary Feed With 

CVCS if available 
• 

Accumulators 

UseRHR-System 

10a-0-> 10a-1 

X 

X 

X 

(x) 

X 

N/A • , 

(x) 

• 

Plant States Intervals 

10a-1->10a-2 

X 

X 

X 

(X) 

X 

X 

(X) 

/ 

X 

10a-2->10a-3 

X 

X 

X 

(x) 

x 

X 

X 

X 

X 

10a~3-> 

X 

X 

-

-

-

X 

X 

X 

Fig.4-10a/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 10a 

Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
Feed Prim. 
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(10a-2 --> tOa-3) _ . 

I n 

Plant State 

Accident Sequence 

Plant State 
Interval 

Opening Safety- or relief Valve sec 
Feedwater tank, mobile pumps 
Depress. PRZ valves 
HPIS, (LPIS), CVCS, Accumulator 



4.10b Loss of Containment Isolation with Pipe Break (medium) of interfacing . 
System outside Containment 

Initial and Boundary Conditions 

- Medium Pipe Break (about 4" equivalent diameter break is assumed in the 
examined case)outside Containment 

- Success of short term primary injection (one pump) and Steam Generator 
feeding (two pumps) 

- Unavailability of water sources for saftey injection after the depletion of the 
in-containment water tank 

- Simultaneous unavailability of emergency feedwater 

^or the definition of medium break see par. 4.3 page 17 

Available safety systems 

Shutdown rods 
Aiix. feedwater 
Controlled steam relief (relief valves) 
Steam relief (safety valves) 
HPIS(RWSTT 
LPIS(RWST) 

HRS-Heat exchanger 
| RHRS-Pumps 

+ 
+ 
+ 
+ 
+ 
• 

. • • 

mm 

Sump water inventory 
HPI(sumprecirc) 
LPl(sumprecirc) 
AC power supply 
SG isolation 
Pressurizer relief vaive(s) 
Pressurizer safety valve(s) 
Containment cooling system 

-
M 

"V 
+ 
+ 
+ 
+ 
+ 

4 available - unavailable 

Brief Scenario Description 
Accident Seq u e n c e 1 0 b : Loss of Containment 
Isolation with Pipe Break (medium) of Interfacing Systems 
Outside Contaiment 
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Description of Plant States (PS) and Plant State Intervals (PSQ 

The relvant Plant States,,Plant State Intervals and associated 
thermohydrauiic parameters of the Sequences 4.10b are shown in fig. 
4-10b/2, 

10b-0 - * 10b-1 - Just after the break, the RGS depressurizes, with a 
time history that is driven by the type of break f low (liquid or steam) 
and that can be characterized by possible temporary core uncoveries 
(depending on the number of high pressure injection pumps 
available); at about 15 minutes mainly steam is discharged. Because 
only one high pressure injection pump is considered available, an 
initial fuel temperature peak of 1200 °C can be reached. Secondary 
injection does not help in removing residual heat because the SGs are 
assumed to remain at the relief valves sëtpoint pressure. The break 
mass f low values range from about 600 kg/sec (liquid at the 
beginning) to about 50 kg/sec (steam). The pressure decreases down 
to about 3 MPa, allowing accumulators injection. The pressurizer 
loses most of its water, the fuel temperature, after the initial heat up, 
decreases well below the normal operation value. 

10b-1 -» 10b-2 - The primary and secondary injection stop. The 
primary system continues to lose water at an approximately constant 
rate, with an oscillating behaviour; the pressure tends to slightly 
decrease, causing some residual accumulator water injection. These 
intermittent injection take place when the core partially uncovers, 
causing its rewetting. The main steam tines isolate, the refilled steam 
generators rémain full of water and their pressure reduces due to the 
heat transfer to the primary 'side. 

10b-2->4- -The core uncovers and the fuel heats up to 1200 °C in few 
minutes. The core damage takes place at about 1 MPa. 
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Time» 

Plant States 

•Primary 
- pressure bar 
- temperature RPV 

o u t l e t s 
- RPV inventory % 
- cladding temp°C 

- Breakfolw kg/sec 

Pressuri2er 
- inventory % 
- temperature °C 

Secondary 
- pressure bar 
- temperature "C 
- inventory % 

Plant State Description 

10b-0 

1155 
327 

100 
336 

650 (peak) 

65 
345 

66,5 
275 
100 

Full load 
BRE.AK 

, 

10b-1 

20 
210 

. 90 
225 

20 

10 
210 

40 
251 

2x100-1x80 

Steady State 
1HPISpump + 
2 Aux feedw. 
pumps operat. 
RWST EMPTY 
AWS7 EMPTY 

10b-2 . 

16 
327 (steam) 

-
60 

225 
15 . 

. 10 , 
N/A 

37 
249 

2x100-1x80 

Accumliators 
HMPTY 

' 

10b-2 + 

DECREASING 
INCREASING 

DECREASING 

Coreuncovery 

, 

Fig. 4-1 Ob/2 Plant States and associated Parameters 
Accident Seq uence 10b " Loss of Containment 

Isolation with Pipe Break (medium) of Interfacing System 

outside Containment 
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Description of AM-Measures Applicable to Plant State Intervais 

The relevant AM-measures are shown in fig.4-10b/3 

10b-0^-» 10b-1 -The break condition can be identified by the operator 
who is aware of the success in the primary refilling and secondary 
heat rejection. The operator can perform the following main 
additional beneficial actions, that can also improve the subsequent 
plant behaviour: 
- ioslatethe affected line, 

depressurizethe RCSto reduce the leak flow and remove the 
residual heat through the steam generators, operating a 
controlled secondary depressurizuation, 

- begin toref i l l the ^containment tank or to flood the containment 
sumps areas. 

10b-1 ->10b-2 - The failure of the operating safety systems is 
identified by the operator, who can perform the following actions: 
- continue attempting break line isolation, 
- refill injection systems storage tanks and restart the pumps, 
- flood the containment sumps areas and restart the pumps after 

having lined up the HPI on the sumps, 
- refill emergency feedwater tanks and restart the pumps, 
- depressurize the RCS to reduce the leak flow (and the radioactive 

releases outside the containment) and avoid back heat transfer, 
• through controlled secondary depressurization, possibly associated 

with SG refilling by use of alternate systems. 

10b-2--»10b-3-The same.actions above are beneficial and feasible 
wi th exception for those addressed to the secondary side that are not 
effective; the primary depressurization is essentially aimed at , 
avoiding high pressure core melt. 
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AM-Measures 

Broken Line 
isolation 

RWST refilling 

AFWT refilling 

Sumps flooding 

Bleed Sec. 
(Depressurization) 

Feed Sec. 
(alternate means) 

Primary bleed 

Primary Feed with 

CVCS if available' 

Accumulators 

UseRHR-System 

Plant States Intervals 

10b-1->'10b-1 

X 
, 

X 

X 

(x). 

X 

X 

• 

10b-1-->10br2 

X 

X 

X 

(x) 

X 

X 

X 

10bx-2~>10b-3 

X 

X 

X 

(x) , 

X 

X 

X 

' 

X 

Fig.4-10b/3 AM-Measures Applicable to 
Plant State Intervals of 
Accident Sequence 

Bleed Sec. (Depress) 
Feed Sec. 
Bleed Prim. 
Feed f»rim. 
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(10b-2->10b-3) 

I 
Plant State 

Plant St 
Interval 

Accident Sequence 

Opening Saf ety-or relief Valve sec. 
Feed water tank, mobile pumps 
Depress. PRZ valves 
HPISf (LPIS), CVCSi Accumulator 
HPI from sump 


