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FOREWORD 

This report describes the results of the work performed during my assignment 
at the Netherlands Energy Research Foundation (ECN) as part of my graduation 
program which leads to a master degree from the Delft University of 
Technology (TUD). The author is a student at the Mechanical Engineering 
Faculty at the division of Process and Energy, subdivision Laboratory for 
Thermal Power Engineering headed by Prof. R.W J. Kouffeld. My graduation 
work nas been supported by Mr. A. Korving. 

I have further developed a computer program for assessing the process condi
tions in the reactor system of a nuclear power plant. This work has been per
formed at ECN Nuclear Energy within the section Reactor Assessment The 
Reactor Assessment section focuses on the study of nuclear systems and power 
plants, and on regulatory and legal aspects of nuclear energy including public 
acceptance. 

In order to limit the reporting effort and to produce a concise report a basic 
knowledge of the nuclear techniques and the associated problem areas is 
assumed. In creating the Accident and Incident Management Support (ATMS) 
program on a personal computer I have greatly appreciated the programming 
support of Mr. TJ\ van der Stelt. With the help of Mr. J.P.M. van den Bogaard 
many differences between the RELAP5 data and AIMS could be clarified. The 
support of Mr. J.N.T. Jehee in creating the program and in scrutinizing my 
manuscript is highly acknowledged. 

I am indebted to BATAN (Indonesian National Atomic Energy Agency), my 
employer, which provides me a scholarship during my study in The Nether
lands. Finally I want to thank all persons, both from TUD and ECN, who 
helped me during my final assignment. 
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De veüighen van nndeaire reaaoren wordt uitvoerig geanalyseerd in diverse generieke en ontwerp-
specüleke studies. Internationaal bestaat belangstelling om de resultaten van die studies meer operationeel 
te maken om de besluitvorming in ongevabsituaues te ondersteunen. 
Met de 'Code for On-line Reactor State Analysis, CORSA' [1] is gedemonstreerd dat benaderende 
Utcrmohvdraulische modellen het ongevabmanagement kan ondersteunen door aan de hand van de actuele 
procescondities in het reactotsysteem de status te beoordelen en een schatting te geven van de beschikbare 
tijd tot onder andere kerasmelten. Daarbij zijn berekeningsresultaien van een complex computer
programma (RELAP5) gehanteerd om bet realistische verloop van een kenmerkend ongeval na te bootsen. 

Doelstelltof 

De opdracht dient te resulteren in een goed gedocumenteerde uitbreiding van het computerprogramma 
CORSA [1]. Hiertoe dienen een aantal thermohydraulische modellen te worden ontwikkeld en verbeterd 
voor het voorspellen van het mogelijk procesverloop tijdens een ongeval. Essentieel daarbij is de beper
kingen van de modellen aan te geven en indien wenselijk zowel een realistische (best-estimate), 
optimistische als een conservatieve voorspelling van het verdere ongevalsverloop te presenterea. Deze 
ontwikkelde modellen dienen te worden getest en gedemonstreerd aan de hand van een aantal referentie-
ongevalsscenario's van een drukwaterreactor, die door ECN reeds met een complex rekenprogramma zijn 
geëvalueerd. 

Uitgangspunt bij deze programmaontwikkeling is de automatisering van het soort evaluaties zoals een 
operator die tijdens een ernstig reactorongeval zou kunnen maken. Dit berekent dat integrale balansver
gelijkingen en eerste orde benaderingen voor dit programma acceptabel zijn. 

ThermohvdrauHsdie modellen 

Een ongevalsverloop in een nucleair reactorsysteem wordt in belangrijke mate bepaald door thermo
hydraulische processen. Nadat het kernsplijtingsproces is gestopt dient in eerste instantie de kern adequaat 
te worden gekoeld en dient de vervalwarmte van de nucleaire splijtingsproducten naar de omgeving te wor
den afgevoerd. Pas als dat niet toereikend is worden andere chemische en fysische processen relevant. 
De thermohydraulische processen die tijdens ongevalten optreden of kunnen optreden en die gemodelleerd 
dienen te worden, betreffen: 

(1) warmteproductie door radioactief verval van splijtingsproducten op basis van beschikbare 
modellen. 

(2) stoomproductiedoordevervalwarmt^waardoorachtereenvolgensdestoomgeneratorenleegkoken, 
en het primaire systeem opwarmt en leegkookt, 

(3) uftsiroming van stoom, stoom-vater mengsels en al of niet verzadigd water door kleppen en/of 
breuken, en 
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(4) suppletie van noodvocdingswatcr aan de sioomgcneraiorcn en in,cctic van noodkoelwatcr in het 
primair systeem. 

In de voorstudie [1} is de vervalwarmteproductic voldoende gemodelleerd, onderdeel (2) is daarin echter 
onvoldoende uitgewerkt 
De thermohydrauiische modcilen dienen kwanlitatief of kwalitatief antwoord te geven op de volgende 
vragen: 

welke is de thermodynamisene toestand in het primair systeem (incL de drukhoudcr) en in de 
stoomgeneratoren, zie voor de componenten de bijgesloten figuur. 
op welk tijdstip is droogkoken van de stoomgeneratoren. verzadiging van hei primair systeem en 
'dryont' van de reactorkem te verwachten; dit in eerste instantie voor de huidige bedrijistoestand 
van de veiligheidssystemen, en 
evalueer de druk- en ternperaiuurresponsie als reactie op het openen door de operator van 
afblaaskleppea op de drukhonder of de stoomgeneratoren. 

De resultaten van de voorspellingen met de thermohydrauiische modellen dienen zeer snel te worden 
gepresenteerd hetgeen veelal betekent dat een expliciete benaderende uitdrukking moet worden afgeleid. 
Een specifiek aspect van de beoogde toepassing is de controle op consistentie van de voorspelling van de 
vorige bemonstering met de huidige meting. De oorzaak van optredende discrepanties dienen kwalitatief 
er» zo mogelijk kwantitatief te worden aangegeven. Indien bijvoorbeeld het niveau in de stoomgeneratoren 
sneller daalt dan is voorspeld op basis van de voorgaande meetgegevens, dan kan dat zijn veroorzaakt door 
enerzijds verkeerde veronderstellingen ten aanzien van de afblaascapaciteit of de voedingswatersuppleiie. 
of anderzijds door ontoereikende modelvorming. 

Werkwijze 

De vereiste thermohydrauiische modellen dienen te worden afgeleid en gerapporteerd waarbij de relevante 
literatuur en met name [2] als uitgangspunt kan worden genomen. De modellen dienen een voor cen ie 
worden afgeleid, getest en geïmplementeerd waardoor in een vroeg stadium inzicht wordt verkregen in de 
pre-edure van implementatie en in de mogelijkheden en beperkingen van het programma. Bij het 
ontwikkelen van het programma dient zoveel mogelijk gebruik te worden gemaakt van grafische presentatie 
mogelijkheden. Hierbij wordt gedacht aan het programmapakket Visual Basic dat bij de vakgroep aanwezig 
is. 
De resultaten van de analyse dienen in het Engels te worden gerapporteerd. 
De studie dient grotendeels bij de sectie Reactorbeoordeling van ECN te worden uitgevoerd waarbij 
begeleiding en ondersteuning zal plaatsvinden ten aanzien van modelvorming, programmeermethoden en 
rapportage. Uw contact persoon bij ECN is ir. J. Jchce. Houdt regelmatig overleg met ondergetekenden. 

Prof.ir. R.WJ.Kouffeld Ir. A. Korving 

Referenties 

[Ij E G . L van Popele, 'Code for On-line Reactor State Analysis, CORSA', Volume 1: Mode! 
description. Volume 2: PASCAL sources of CORSA, BUNE memo NP-RV-90-Q1A/B, ECN, Feb. 
1990. 

|2) J.R. Larson. 'System Analysis Handbook', NUREG/CR-4041. Nov. I98S. 
[3| ANSI decay heat power in light water reactors. ECN 
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ABBREVIATIONS 

AFWS 
ANS 
ANSI 
ASCII 
AT&T 
BATAN 

BWR 
CSS 
CCWS 
CORSA 
CVCS 
DCH 
ECCS 
ECN 

ERDS 
ESWS 
FSAR 
H-MIS 
IBM 
IFC 
KCB 
LOCA 
NPP 
NSSS 
PC 
PSA/PRA 
PWR 
RCP 
RCS 
RHRS 
RWST 
SG 
SI 
TMI 
TUD 
USNRC 
VCS 

Auxiliary Fecdwater System 
American Nuclear Society 
American National Standard Institute 
American Standard for Computer Information Interchange 
Atlantic Telephone & Telegraph 
Badan Teoaga Atom Nasional (Indonesian National Atomic 
Energy Agency) 
Boiling Water Reactor 
Containment Spray System 
Component Cooling Water System 
Code for On-line Reactor State Assessment 
Chemical and Volume Control System 
Direct Containment Heating 
Emergency Core Cooling System 
Energieonderzoek Centrum Nederland (Netherlands Energy 
Research Foundation) 
Emergency Response Data System 
Essential Service Water System 
Final Safety Analysis Report 
Human-Machine Interface System 
International Business Machines 
International Formulation Committee 
Kerncentrale Borssele (Borssele Power Plant, The Netherlands) 
Loss of Coolant Accident 
Nuclear Power Plant 
Nuclear Steam Supply System 
Personal Computer 
Probabilistic Safety or Risk Assessments 
Pressurized Water Reactor 
Reactor Coolant Pump 
Reactor Coolant System 
Reactor Heat Removal System 
Refuelling Water Storage Tank 
Steam Generator 
Système International (International System of Units) 
Three Mile Island 
Technische Universiteit Delft (Delft University of Teclmology) 
United States Nuclear Regulatory Commission 
Volume Control System 
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LIST OF SYMBOLS 

Arf, 

a,b 
a, X 
C 
c 
D,d 
dt 

*P 
F 
f 
G 
h 

\ 
k 
L 
m 
N 
P 

P - P 
Pi 
P 

Q 
%0i 

T 
T, 
t 
V 
V 

W 

Effective area of the cross section of the 
steam generator secondary side 
Constants 
Parameter for exponential fits 
Specific heat 
Velocity 
Diameter 
Finite time interval 
Potential energy 
Decay heat power 
Fractional power 
Correction factor 
Specific enthalpy 
Latent heat of evaporation 
Multiplication factor of neutrons 
Level 
Mass 
number of U-tubes 
Power 
Pressure 
Pump energy input 
Operating power before shutdown 
Specific density 
Reactivity 
Energy 
Decay heat 
Temperature 
Operating time before shutdown 
Time 
Volume 
Specific volume 
Work 

[m2] 
[-] 
[-1 
[J/kgK] 
[m/s] 
[m] 

M 
[J] 
[MeV/Fission] 
I-J 
H 
U/kg] 
U/kg] 
H 
[m] 
[kg] 
H 
[W] 
[MPa] 
[W] 
[W] 
[kg/m3] 
H 
[J] 
[W] 
[K] or [°C] 
[s] 
[s] 
[m3] 
[m3/kg] 
u\ 

viii 1993 October, ECN - TUD 



SUMMARY 

In Ihiii iipmt/rprototype of an advisory computer program is presented which 
could be used in monitoring and analyzing an ongoing mcident in a nuclear 
power plant The advisory computer program, called the Accident and Incident 
Management Support (ATMS), focuses on processing a set of data that is to be 
transmitted from a nuclear power plant to a national or regional emergency 

"(ERDS) to the optuatiouaKeeitter of the United- Stat» Nucletu Regulatory 

The AIMS program will asses the reactor conditions by processing the measured 
plant parameters. The applied model of the power plant contains a level of 
complexity that is comparable with the simplified plant model that the power 
plant operator uses. A standardized decay heat function and a steam water 
property library is used in the integral balance equations for mass and energy. 

A simulation of a station blackout accident of the Borssele nuclear poorer plant 
is used to test the program. The program predicts successively: (1) the time of 
dryout of die steam generators, (2) the time of saturation of the primary 3ystem, 
and (3) the onset of core uncovery. The meter coolant system with the actual 
water levels will be displayed on tbe screen. 
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1. INTRODUCTION 

The safety of nuclear power plants is elaborately analyzed in various reports 
such as Final Safety Analysis Reports (FSAR), Probabilistic Safety or Risk 
Assessments (PSA/PRA) and extensive generic studies on reactor risk and on 
safety issues, see [15]. A challenge for the nuclear community exists today in 
making the insights from these studies operational especially for accident mana
gement. 

A prototype of an advisory computer program is presented that can be used in 
momtoring and analyzing an ongoing incident in a nuclear power plant The 
advisory computer program is called Accident and Incident Management 
Support (AIMS) program and focuses on processing a set of data as is trans
mitted from a nuclear power plant to an operational center during an incident, 
in particular by the Emergency Response Data System (ERDS) to the United 
States Nuclear Reguktoiy Commission (USNRC). 

AIMS is derived from CORSA (Code for On-line Reactor Analysis). In contrast 
with CORSA, which is written in Pascal and runs under the Microsoft-DOS, the 
AIMS program includes visual displays and works under Microsoft-Windows. 
The code is written in the C++ language, 

AIMS can be characterized by the application of integral balance equations and 
first order approximations which allows very fast evaluations of measured 
ERDS process parameters. In the presented version of AIMS, the evaluations 
concern the prediction and identification of undesired reactor states of a 
Pressurized Water Reactor (PWR) such as steam generator dryout, primary 
system saturation and core uncovery. These predictions are performed 
repeatedly as soon as new measured data would be available. 

The prototype of ATMS predicts for a PWR station blackout accident the fol
lowing successive events: 1) the time of dryout of the steam generators, 2) the 
time of saturation of the primary system, and 3) the onset of core uncovery. 
Furthermore a picture of reactor coolant system with the water level in the 
steam generators is implemented. 

The plam specific data are according to the Netherlands Borssele nuclear power 
plant and the data calculated with thermohydraulic computer program RELAP5 
will be used to simulate the ERDS data sets which would be transmitted during 
an accident. The RELAP5 data are read from file. 
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2. DEVELOPING AIMS 

2.1 Scope of AIMS 

The objective of the program for Accident and Incident Management Support 
(AIMS) is to enhance accident management by using measured data efficiently 
during the course of an incident or accident. The program is to predict the 
timepoints of the oncoming major events, such as steam generator dryout and 
onset of core uncovery, in the accident progression. The reactor coolant system 
will be drawn on the screen with appropriate water levels. 

The AIMS program will asses the reactor conditions by processing successive 
measured data relating to the plant conditions. The selected model of the power 
plant contains simplified models. The level of complexity of these models is 
comparable with the simplified plant model that the power plant operator uses 
to predict and understand the sequence of events, the so called cognitive model 
of die operator. The code is to be executed on a standard Windows-based IBM 
or compatible personal computer and will have both an interactive interface and 
a graphical display of me reactor coolant system. 

In the future versions of the AIMS program, the code should be capable of 
evaluating the consistency between a previous prediction and an actual measure
ment that enables an operator to anticipate to an unforeseen course of events 
during an accident Future extension could also focus on presenting possible 
operator actions that apply for the identified reactor states. The system depen
dencies and the known system failures (e.g. loss of off-site power) could be 
accounted for in such an extension. For example if the borated water storage 
tank is empty, an operator action to take suction out of this tank will be ruled 
out by the program. 

The pressurized water reactor (PWR) is selected for the prototype as accident 
because accident management procedures and assessing the reactor conditions 
are generally more complicated for this type of reactor than for boiling water 
reactors (BWR). Generic physical models with first order integral energy equa
tions for PWR transient analysis are applied. The required data for physical 
plant models will be obtained from a plant specific setpoint file. For develop
ment, testing, and training purposes simulated data are used. 

2.1.1 AIMS in Relation with Plant Control System 

Nuclear power plants are provided with a control room from which actions can 
be taken to operate the plant safely under normal conditions and to maintain it 
in a safe condition under accident conditions i.e. transients and loss-of-coolant 
accidents. The control station design with its monitoring and control functions 
are often referred to as the Human-Machine Interface System (H-M1S). The 
main elements of this H-MIS are given in Figure 2-1. 
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Accident and Incident Management Support (AIMS) 

In order to relate the described Accident and Incident Management Support 
(AIMS) program to the design of the control stations the following functions 
can be identified in Figure 2-1 in which the human machine interface is 
presented. The human teams directly involved in the operation of a power plant 
and in the management of incidents and accidents include: 
- the operational teams which staff the control room or the emergency control 

station, and personnel to operate the plant equipment, 
- the technical support team, composed of the plant management and the 

technical and radiation protection personnel, and 
- a national emergency team, in which regional or national authorities are 

represented. It should be noted that the information requirements of the 
national team strongly depend on their responsibility and team composition 
in an emergency which depend on national requirements. 

The machine-intei face is subdivided in the following elements: 
- the plant data monitoring and plant control system, which makes up the 

interface between the machine and the humans, 
- the data collection system containing the sensors in the plant to indicate the 

equipment status and the process variables, 
- the data processing system, which performs all the automatic protection and 

control actions and which provides data for the plant data monitoring and 
plant control system, 

- the control signal processing system, which provides the interfacing between 
the commands and the plant equipment actuators, and 

- the plant components and systems, which includes all the systems of the 
nuclear power plant. 

The AIMS program could inform the technical support center and a national 
emergency center on the actual plant conditions. The program performs simple 
back-on-an-envetope calculations and provides to some extent engineering 
judgement (guestimates) by more systematically handling the plant process para
meters. The AIMS program could also benefit the operational teams of a power 
plant if the users would be aware of the scope and limitations of the predictions 
and calculations. In that case the system could also be placed in the control 
room and in the emergency or secondary control station from where actions can 
be executed to bring and maintain the plant in a safe and coolable state. The 
data regarding the technical services which could provide indispensable addi
tional information regarding plant operation and control, could be included in 
future extensions of the program. 

2.1.2 Data to be Processed 

Critical safety parameters play an important role in planning accident manage
ment during an incident or accident in a nuclear power plant. Although the 
evaluation of the technical data might be different in scope and nature, the com
munication between the various teams involved would be enhanced if they have 
a concise and consistent set of data available for monitoring the plant status and 
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process condition. To this end the US Nuclear Regulatory Commission is instal
ling the Emergency Response Data System (ERDS). The data of the ERDS is 
given in Table 2-1. 

Table 2-1. Data of ERDS 

Description 

Primary Coolant System 
- Pressure 

Temperatures 
- Hot Leg 
• Cold leg 
• Core Exit Thermocouples 
Subcooling Margin 

- Pressurizer Level 
- RCS Charging/Make up Row 
- Reactor Vessel Level (When Available) 
- Reactor Co lant Flow 
- Reactor Power (Thermal) 

Secondary Coolant System 
Steam Generators Levels 
Steam Generators Pressures 

Main Feedwater Flows 
- Auxiliary/Emergency Feedwater Flows 

Safety Injection 
- High Pressure Safety Injection Flows 
- Low Pressure safety Injection Flows 
- Safety Injection Flows (Westinghouse) 
- Refuelling Water Storage Tank Level 

Containment 
- Containment Pressure 

Containment Temperatures 
- Hydrogen Concentration 
- Containment Sump Levels 

Radiation Monitoring System 
Reactor Coolant Radioactivity 

- Containment Radiation Level 
- Condenser Air Removal Radiation Level 
- Effluent Radiation Monitors 
- Process Radiation Monitors Levels 

Meteorological 

- Wind Speed 
- Wind Direction 

Atmospheric ^«ability 

2 * 
2* 

2* 

2* 
2* 

2 * 
2 * 

4 * 
4 * 

Unit 

MPa(psig) 
°C(°F) 

°C(°F) 

m 
kg/s 
m 

kg/s 
MW 

m 
MPa 

kg/s 
kg/s 

kg/s 

kg/s 
kg/s 
m 

MPa (psig) 

°C(F) 
% Vol 

m 

Bq 
R/hr 

Bq/mJ (uCi/cc) 
Bq/mJ (uCi/cc) 
Bq/mJ (uCi/cc) 

m/s (mph) 
Deg 

°C (Class) 

Min.1* 

0 (0 ) 

10(50) 
10(50) 

93(200) 
108 (200) subcooling 

bottom 
0% 

bottom of hot legs 

from tube sheet 
from atmospheric 

pressure 
0% 
0% 

0% 
0% 
0% 

bottom 

0.1 (-5) 

5(40) 
0 
-

0.5 2> 
1 

3.7 104 (KT6) 
3.7-104 (10-*) 
3.7101 0 (1) 

0 (0 ) 
0 

(5) 

M a x . 0 

20.7 (3000) 

371 (700) 
371 (700) 

1260 (2300) 
19 (35) superheat 

top 
110% 

top of vessel 

to separators 
20% above saf. 

valves 
110% 
110% 

110% 
110% 
110% 

top 

to 4 times design 
press. 

200(400) 
10 
-

100 2) 

107 

3.7 1015 (10s) 
3.7-1014 (104) 
3.7 1017 (107) 

22 (9.8) 

360 
(10) 

1) These limits are according to Regulatory Guide 1.97, see [12]-
2) Multiplied with limits as given in the technical specifications. 
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The ERDS includes a central computer at the NRC operations center which is 
linked with appropriate software to the US nuclear power plant. This ERDS 
shall be activated for any condition that requires the declaration of an emerg
ency class of alert, site area emergency, or general emergency. The ERDS 
requires software and hardware to acquire the critical parameters from the 
on-site process computer and to transmit the data to the computer in the NRC 
operational center. The system is included by the NRC in 10 CFR 50.72, see 
also Appendix A. 

2.1.3 Thermohydraulic Models 

The course of events during an incident or an accident is determined by the 
laws of physics. The principles of thermohydraulics and neutronkinetics are 
essential in describing die system response to anomalies. The plant system 
responses and the automatic actions of the control and protection systems will 
determine the progression of an event in the first period. After an initial 
response time of e.g. 30 minutes the operator can take action and change the 
course of events. By that time the reactor conditions are predominantly deter
mined by thermohydraulic processes. Since the AIMS piogram is designed to 
support an operator to plan bis or her actions for changing the course of events, 
the thermohydraulic models are of great importance. Therefore this first version 
of AIMS only contains thermohydraulic models. The models implemented in 
AIMS focuses on the reactor states of the primary system during an assumed 
station blackout event. It models the accident progression from nominal power 
operating conditions to steam generator dryout, primary system saturation until 
the onset of core uncovery. 

2.2 Selection of Programming Language 

For developing a prototype of the AIMS system a windows based language 
program has been selected. As the technology of personal computer continuous
ly progresses, we are now able to make a computer program with graphical 
screens, which was very difficult a couple of years ago. Such windows based 
languages generally require better graphics hardware, more memory and a faster 
processor. 

To develop the programming system for Microsoft-Windows, some languages 
are available such as Visual Basic and Borland C/C++ for Windows with object 
windows. 
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22 A Visual Basic 

Visual Basic, a product of Microsoft software, can be easily used. The program
ming language does not necessarily require an indepth understanding of infor
matics theory. In short time anyone with experience in programming can use it 
and nave a satisfactory result. For this reason this language was initially selected 
to make the prototype program. The faculty of mechanical engineering of the 
Delft University of Technology (TUD) also supports the use of Visual Basic for 
their students. 

After purchasing, installing and testing the Visual Basic version 2.0, it appeared 
that the programming language is not suitable for the AIMS project. The major 
shortcoming of Visual Basic was the lack of support to draw and paint pictures 
from an existing set of polygons. After contacting the customer support services 
it appeared that a separate development tool would be required. 
In addition to this problem with Visual Basic the existing library of functions 
should have been converted to Visual Basic. AIMS requires a library of func
tions for the properties of water and steam mostly in Si-units. The library was 
already converted from Pascal to C and contains about 50 pages of code. In 
order to make the functions useable in Visual Basic, the library function would 
have to be converted to the Basic language. To our understanding such conver
sion software, from C to Basic, is not readily available. Because the limited 
experience at TUD with Visual Basic, the program development could not be 
supported extensively. The Visual Basic is a relatively new product and not yet 
widely used. 

In general any application that creates dynamic graphical displays, interacts 
heavily with a human user and includes combinatorial processing must be 
developed in an evolutionary fashion. Due to the mentioned problems with 
Visual Basic, and the more widely existing experience and support for the 
C programming language, this C language has been selected instead. The Visual 
Basic programming language is suitable for simple programs, because the time 
required to produce an operational prototype is greatly reduced. However, these 
fairly simple application areas must be weighed against application complexity. 

2.2.2 C/C++ Programming Language 

Throughout the years, several programming languages have been developed that 
were designed to be 'the only programming language men ever need'. PL/I was 
heralded as such back in the early 1960s. It turned to be so large and it took so 
many system resources that it become simply another language programmers 
used, along with COBOL, FORTRAN, and many others. In the mid-1970s, 
Pascal was developed for smaller computers. Microcomputers had just been 
invented, and the Pascal language was small enough to fit in their limited 
memory space while offering advantages over many other languages. Pascal 
became very popular and is still often used today, but it never became the 
answer for all programming tasks, and it failed at being 'the only programming 
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language'. 

When C became known to the mass computer markets in the late 1970s, it was 
also promoted as 'the only programming language.' C became against all odds 
in the 1980s one of the world's foremost professional programming languages, 
not just on personal computers, but on minicomputers and mainframes as well. 
A large number of programming companies have converted to C. The appeal of 
C's efficiency, combined with its portability between computers, were the main 
reasons to select this language after Visual Basis didn't meet our requirements. 

In the 1980s, Bjom Stroustup, working for Atlantic Telephone & Telegraph 
(AT&T), took the C language to its next progression. He added features to 
correct some of the problems in the C language, while changing the way soft
ware developers view programs by introducing object orientation to the 
language. Although object-oriented elements also exist in other languages such 
as Turbo Pascal and Smalltalk, C++ sits by itself as the object oriented 
programming language most widely in use today. Like C, C++ is a small, 
block-structured programming language, see [14]. The large number of 
operators in C++ enables a programmer to develop an efficient and concise 
code. However, the learning process for this language tend to be fairly time-
consuming. 

"/he function water-steam libraries of the ATMS program, available in the C 
language, could also be used for the C++, because C++ is primarily a superset 
of C. The compilers for C++ have no problems compiling regular C code. 

For further development of the program, the C language is very convenient 
because of its portability to other computers and its maintainability by profes
sional software developers. 

2.2.3 Hardware and Software Requirement 

Since the AIMS program executes under the Windows environment, it needs at 
least a 386 computer and of course MS-Windows software. The computer must 
have a hard disk and at least 2 Megabyte random access memory (RAM) 
because MS-Windows requires a large memory. A mouse is recommended and 
a colour monitor is desirable since the coloured graphics and figures will be 
presented on the screen. These system requirements apply both for using and for 
developing the program. The ATMS program has been developed in Borland 
C++ for Windows version 3.1. with MS-Windows version 3.1. 
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2.3 Prototype Design 

2.3.1 Software Reference 

The present objectives of the AIMS program are (1) to process a concise set of 
measured plant process data during accidents or incidents in a nuclear power 
plant, (2) to display this information on a visual interface and (3) to make a 
diagnosis of the plant's state and a prognosis of its future course. Simplified 
thermohydraulic models are to be used to the extent practical. The format of the 
Emergency Response Data System (ERDS) is applied for the concise data set of 
measured process data. For testing and validating the AIMS program in the 
development stage, the accident response of the nuclear power plant is simu
lated with calculated data with the RELAP5 thermohydraulic computet code. 

2.3.2 Programme Structure 

The structure of the program is shown in Figure 2-2. The program needs the 
following inputs: 

- data regarding geometry and operating conditions of a specific nuclear plant, 
in this case the Borssele nuclear power plant, 

- input parameters by the user concerning the time of shutdown, the plant 
operating conditions before shutdown, and the applicable sample interval, 

- a series of process data according the ERDS format, which is simulated with 
an output file of a RELAP5 calculation, 

- data for the graphics to be displayed on the screen. 

The program display:; the results on the screen with a graphics window, a pull 
down mend with which additional windows can be opened. 

Input Output 

Configuration of 
specific NPP 

Input parameter 

Data from ERDS 

Graphics data 

AIMS 

Results 

Picture of NPP 
with actual 
water level 

Figure 2-2. AIMS Program Structure 
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turbin» vatvt wprolor 

Figure 3-1. Scbematic Diagram of ihe KCB Power Conversion Systems. 
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3. PRESSURIZED WATER REACTOR 

3.1 Introduction 

A Pressurized Water Reactor (PWR) contains two closed-cycle circuits, utilizing 
two separate fluid systems that interface at two or more heat exchangers called 
steam generators. These circuits are known as the reactor coolant (or primary) 
system and the power conversion (or secondary) system. The reactor coolant 
system contains the reactor core, a water-cooled and water-moderated nuclear 
assembly that utilizes fissile (i.e. fissionable) fuel, see e.g. [6]. Heat is 
transferred by the reactor coolant system from the reactor core to the power 
conversion system by the steam generators. The power conversion system 
converts thermal energy into electrical energy by means of a turbine generator, 
see [4]. Both the reactor coolant system and the power conversion system are 
provided with a number of auxiliary systems that ensure safe conditions, during 
normal operations and with accident conditions. 

Figure 3-1 shows a schematic diagram of the steam, condensate and feedwater 
cycle of Kerncentrale Borssele (KCB = Borssele Nuclear Power Plant) with the 
nuclear steam supply system (NSSS), i.e. the reactor coolant system with steam 
generators, at the upper left corner. 

3.2 Reactor Coolant System 

The reactor water in the primary circuit of a PWR is pressurized to prevent it 
from boiling in the core. The reactor coolant systems, see Figure 3-2, consists 
of a reactor vessel with the nuclear core, two or more steam generators and 
reactor coolant circulating pumps, a pressurizer, and associated piping to con
nect these components. These main components will be described below. The 
geometrical data and process conditions as required for AIMS prototype will be 
given for those components. These data are mainly derived from [10] and can 
be compared with the dimensions of the main components of the modern 
1300 MWe Siemens-PWR [7], see Figure 3-3. 

3.2.1 Reactor Core 

The reactor core in the reactor pressure vessel is the heat source of die nuclear 
plant where the nuclear fission reaction takes place. The active zone comprises 
an array of fuel assemblies through which the coolant flows upwards. The 
uranium fuel is contained in Zircalloy rods, which are organized in fuel 
elements in a regular square pattern of viz. 18 * 18, called fuel assemblies. The 
fraction of fissile uranium-235 is enriched from about 0.6 percent (natural 
uranium) to three to four percent. 
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steam line 

reactor pressure vessel 

Figure 3-2. Reactor Coolant System 
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Height 21 -30  m 
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In ihe process of nuclear fission, fast neutrons are liberated and slowed down 
(moderated) by the coolant around the fuel rods to a velocity (or energy level) 
which is close to the energy level of the uranium nuclei due to the thermal 
movement. At this energy level thermal nuclear fission can occur. The high 
initial velocity of the fragmented parts of the nuclei will very quickly be 
slowed down by colliding with atoms in the fuel thereby converting the kinetic 
energy into heat. The nuclear fission in a PWR is controlled by means of a 
temperature feedback mechanism by which the reaction rate is reduced at 
increased temperatures, by liquid neutron absorbers (i.e. boric acid) dissolved in 
the coolant, and by the control rod assemblies driven by electromagnetic jack 
mechanisms. 

Figure 3-4 shows a reactor pressure vessel with internals. The vessel contains 
the reactor core and core structure, control rods with guide tubes and 
instrumentation. The core structure mainly consists of an upper and lower 
support structure, the core barrel and the thermal shield. The upper core support 
structure acts as a support and anchor for the upper ends of the fuel assemblies, 
while protecting ?nd guiding the control rods. The lower core support structure, 
which carries the core, is attached to the upper support structure through the 
core barrel and the thennal shields. The core barrel separates the core from the 
downcomer next to the vessel wall. The thennal shield is integrated with the 
core barrel and provides shielding mainly from neutron radiation, thereby reduc
ing irradiation damage and thermal stress in the pressure vessel wall. 

Table 3-1. Geometric Data and Process Conditions of KCB Reactor Vessel 

Description 

lower plenum volume 

core volume 
core bypass volume 
upper plenum above volume 
upper plenum below volume 
upper head volume 
downcomer above reactor inlet volume 
downcomer below reactor inlet volume 

vessel shell mass 

vessel head mass 
vessel studs, nuts, washer mass 
core cladding mass 
core U02 mass 

core barrel mass 

lower plenum internals mass 
upper plenum internals mass 

average coolant pressure 
average coolant temperature 

average fuel temperature 

Symbol 

V .P 

v< 
V c b 

V 
upa 

^upb 

v„h 

v d a 

V„w 
mVJ 

m » h 

m .nw 

m c c 

mc 

m c b 

m lpi 

mupi 

Pf» 
T, 

T, 

Dimension 

m3 

m3 

m3 

m3 

m3 

m3 

m3 

m3 

kg 
kg 
kg 

kg 
kg 
kg 

kg 

kg 
MPa 
°C 

°C 

Value 

14.9 
10.4 

5.3 
6.1 
7.2 
10.2 

1.7 
7.9 

300000 

75 000 
17000 
11000 
43 000 

70000 

2 500 
12000 

15.5 

303 

593 
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Reactor Outlet 

Control Rods 

Reactor Inlet 

Flow Shroud 

Core 
(Fuel Elements) 

Inlet Plenum 

Figure 3-4. Reactor Pressure Vessel and Internals 
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3.2.2 Steam Generators 

The heat produced in the reactor core is transferred to the steam generators by 
the reactor coolant which is circulated with the primary circulation pumps. 
Steam will be produced at the secondary side of the steam generators to drive 
the turbine generator set. The feedwater is supplied to establish the steam water 
cycle and controlled by the water level in the steam generator. 

The steam generators are vertical natural-circulation U-tube heat exchangers. 
The hemispherical primary channel head at the bottom is divided into an inlet 
and an outlet plenum and is connected to the reactor coolant piping by an inlet 
and outlet nozzle. 

The hot primary water enters the inlet side of the channel head at the bottom of 
the steam generator through its inlet nozzle. It passes through one of the more 
than 4000 U-shaped tubes and leaves the steam generator via the outlet nozzle 
at about the same level as the inlet (Figure 3-5). The main process and geome
trical data for the KCB U-tube steam generator are given in the Table 3-2. 

On the secondary side, the feed water passes through the downcomer located 
between the tube shroud and the steam generator wall. The flow reverses at the 
tube sheet at the bottom of the steam generator and is directed upwards along 
and across the tube bundles. The feedwater is mixed with the water that is 
separated from the steam before it enters the central boiler section. 
Subsequently, the water steam mixture flows upwards to steam dome section. 
The water and moisture separators dry the produced steam and recirculate the 
water to the downcomer section and where it mixes with incoming feedwater. 

Table 3-2. Geometric Data and Process Conditions of KCB Steam Generators 

Description 

steam generator primary side volume 

steam generator secondary side volume 

steam generator tubes mass 

steam generator tube plate mass 

effective steam generator area 

steam generator level 

height of lower downcomer 

number of U-tubes 

outer tube diameter 

inner vessel diameter 

steam pressure 

1) See discussion in Appendix B. 
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ymbol 

V 
»gp 

sgs 

m»g« 

m»gp 

Aeff 

L»g 

Ldc 

N, 

4. 
Di 

P. 

Dimension 

m3 

m3 

kg 

kg 

m2 

m 

m 

-

m 

m 

MPa 

Value 

26.8 

28 

12 000 

43 000 

5-17»> 

8.1 

5.8 

4234 

0.022 

3.326-4.046 

5.88 



Accident and Incident Management Support (AIMS) 

steam outlet 

Figure 3-5. Steam Generator 
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3.2.3 Pressurizer 

The pressure in the primary system is controlled by changing the temperature in 
the pressurizer, which contains water and steam at saturated conditions. The 
pressurizer also compensates for small changes in water volume or inventory 
since the steam volume acts as a compressible volume. Increase of the tempera
ture in the pressurizer would result in evaporation of some water which will 
increase the steam and water pressure in the pressurizer and through the surge 
line in the reactor coolant system. The temperature in the pressurizer is con
trolled by electrically heating the water or by spraying subcooled water from the 
reactor coolant system into the steam volume. The pressurizer pressure should 
be controlled in such a way that an adequate subcooling margin in the primary 
circuit is maintained to avoid boiling in the hot channels of the reactor core. 

Table 3-3. Geometry Data and Process Conditions of KCB Pressurizer, Pumps 
and Piping 

Description 

hot leg volume 

cold leg volume 

intermediate leg volume 

intermediate leg below volume 

pump volume 

surge line volume 

total pressurizer volume 

hot leg mass 

cold leg mass 

intermediate leg mass 

surge line mass 

pressurizer mass 

pump casing mass 

initial pressure 

Symbol 

vw 

v«, 
v« 
vab 

V P U 

v, 
V P 

m hl 

mc| 

m i i 

m . 

m P 
m pu 

p 

Dimension 

m3 

m3 

m3 

m3 

m3 

m3 

m3 

kg 

kg 

kg 

kg 

kg 

kg 

MPa 

Value 

4.9 

4.7 

5.3 

2.7 

1.3 

1.1 

40.7 

6100 

6100 

10500 

6700 

63 000 

76 000 

15.5 

3.3 Power Conversion System 

The principles of the power conversion system are the same as water-steam 
systems of conventional power plants. Only the process conditions are different. 
The nuclear steam supply system (PWR or BWR) produces steam at saturated 
conditions instead of superheated steam as is generally the case in fossil fuelled 
power plants. A difference for a Boiling Water Reactor (BWR) with its direct 
cycle is the slightly contaminated steam due to radioactive particles. Therefore 
the high pressure steam turbine of a BWR requires shielding as opposed to a 
PWR in which the separate reactor coolant circuit prevents radioactive contami
nation of the turbines. 
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spray nozzles 

thermal shields 

water level 

surge line 

surge flow 

electrical heater 
elements 

Figure 3-6. Pressurizer 
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The power conversion system essentially consists of high and low pressure 
turbines, condensers, feedwater pumps, reheaters, deaerators and demineralizes. 
The power conversion system should operate reliably to limit the number of 
unplanned reactor shutdowns. The normal and emergency feedwater supply of 
the power conversion system are directly related to the essential plant safety 
functions. 

3.4 Safety Functions 

3.4.1 Introduction 

The primary risk source in a nuclear reactor is th; large inventory of radioactive 
materials especially fissions product that i,« built up in the core during operation. 
The nuclear reactor safety implies the prevention of release of these radioactive 
fission products into the environment. The safety functions, see also [8], will to 
accomplish the following objectives: 
- to maintain the reactor coolant system integrity, 
- to bring and maintain the reactor in safe shutdown condition and to remove 

the residual heat, and 
- to limit the release of radioactive materials to the environment. 

The American National Standard Institute / American Nuclear Society 
(ANSI/ANS) established a standard concerning Criteria for Accident Monitoring 
Functions in Light-Water-Cooled Reactors (ANSI/ANS-4.5-1980). This standard 
provides criteria for meeting the regulatory requirement on instrumentation for 
monitoring variables and systems during accident conditions, as described in 
Appendix A. This standard lists the definitions of the critical safety functions 
which are essential to prevent direct and immediate threat to the health and the 
safety of the public. 

These functions are the accomplishing or maintaining of: 
1. reactivity control, 
2. reactor core cooling, 
3. reactor coolant system integrity, 
4. reactor containment integrity, and 
5. radioactive effluent control. 

These functions are described in the following paragraphs. 

3.4.2 Reactivity Control 

The dynamic of the fission chain process, which is determined by the reactivity, 
is very important from the safety point of view. The reactivity is defined as 
p = (k-1) / k, where k is the multiplication factor of neutrons. If k = I, the 
neutron population stays constant, as does the reactor power, and the reactor is 
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critical. In this case the reactivity is zero. If k < 1 (or negative reactivity), the 
neutron population will die out and the reactor will shut down; the reactor is 
subcritical. With positive reactivity (k > 1) the reactor power increases and the 
reactor is supercritical. 

The basic purpose of a reactivity control system is to provide smooth and steady 
operation in all situation. Methods must be available for starting the reactor, for 
bringing the power output to the desired level, to maintain it at that level and to 
shut down the reactor when required. 

The mechanism of reactivity control is provided by: 
- negative reactivity temperature coefficient, which cause the reactivity to 

decrease if the temperature increase, thereby limiting the magnitude of 
power excursions; 

- control rods and control rod drives for controlling the reactor power and 
for providing a fast shutdown capability by rapid insertion of the rods 
into the reactor core; these control assemblies consist of an array of rods 
containing neutron-absorbing material; 

- the injection of borated water, which has a negative reactivity, using the 
Chemical and Volume Control System (CVCS) during normal operation 
or the safety injection of the emergency core cooling system in case of 
accidents. 

Short-term reactivity changes are counteracted by movement of the control rods. 
Long-term or slow variations in reactivity, such as those resulting from fuel 
bum-up, are compensated by adjusting the boron concentration in the coolant. 
Boron is dissolved in the coolant as boric acid. The boron concentration is 
highest at the beginning of the operating cycle shortly after refuelling. 

The main reactor shutdown system consists of control rods with control drives 
as well as at least two trains of motor-generators and breakers. The control rods 
are maintained in withdrawn positions by energizing the electromagnetic gripper 
coils (latch) in each drive mechanism. In case of a fast shutdown or 'scram', the 
breakers open automatically, thereby releasing the latch which causes the con
trol rods to fall into the core by gravity in about 2 seconds. 

3.4.3 Reactor Core Cooling 

The core is cooled by the reactor coolant water which is circulated by the 
primary reactor circulating pumps during normal operation, and by the Residual 
Heat Removal System (RHRS) or by natural circulation during shutdown. 

The Reactor Coolant System (RCS) is cooled by: 
1. the steam generators which produce steam and which require an adequate 

feedwater supply from; 
- the main feedwater supply system during normal operation, or 
- one of the Auxiliary Feedwater Systems (AFWS) during startup and 
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shutdown or with accidents; 
2. the residual heat removal system which transfers the heat through an inter

mediate cooling water system from the RCS to an ultimate heat sink (river, 
sea, lake, atmosphere), in case the RCS pressure is at low pressure (e.g. less 
than 1 MPa); 

3. feed and bleed of the reactor coolant system during accidents by: 
- opening the pressurizer safety/relief valves and 
- charging the primary system with water with the safety injections system. 

Figure 3-7 shows the operating and safety systems of the Konvoi 1300 Mwe 
PWR from Siemens. 

Auxiliary Feedwater Systems (AFWS) 

The AFWS is one of the main engineered safety feature systems. Its role is tc 
provide sufficient high-pressure feedwater to enable the removal of residual heat 
following the loss of the main feedwater supply system. The system delivers 
cold water to the steam generators' secondary side which is boiled off to either 
the condenser through the turbine bypass line or to atmosphere through 
safety/relief valves in the main steam lines if the condenser vacuum cannot be 
maintained. 

Events which can lead to a demand of the AFWS include: 
- failure of the main feedwater system, including loss off-site electrical power, 
- loss of primary or secondary coolant, 
- the safety injection signal, 
- transients with failure of the reactor to scram, in which case a special signal 

activates the AFWS. 

Two independent auxiliary feedwatcr systems are provided, the startup and 
shutdown system and the emergency feedwater system. The startup and 
shutdown system of the Konvoi design does only comprise motor driven 
feedwater pumps. Steam turbine driven pumps are no longer applied, as 
opposed to many existing nuclear plants (including Borssele) and modem 
designs of other reactor vendors. The emergency feedwater system of the 
Konvoi plant contains four physically separated subsystems each with separated 
water storage tanks and a feedwater piunp which is mechanically driven by a 
separate diesel generator. 

The head developed by the pumps is sufficient to ensure that feedwater can be 
delivered to the steam generators when the safety/relief valves on the steam line 
are discharging steam. The startup and shutdown pumps will normally take 
suction from the condensate storage tank. The volume of water contained in this 
tank is sufficient to meet the requirements for cooldown of the reactor coolant 
system in order to be able to switch to the residual heat removal system. 
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Residual Heat Removal System (RHRS) 

The RHRS, which is located inside the containment, provides the following 
functions: 
- cooling the primary system in normal shutdown situations or after an acci

dent involving a small break in the primary system, 
- maintaining the primary temperature during maintenance operations (inspec

tions of steam generator tubes) or refuelling. 

During normal shutdown to 'cold' conditions, the steam generators and the main 
condenser are first used to remove heat and lower the pressure. When the 
pressure decreases to below about 1 MPa, the residual heat removal system is 
taken into operation to further cooldown the reactor coolant system. The pumps 
in the residual heat removal system then take suction from one of the hot legs 
of the primary system and circulate the water through a heat exchanger b«xk to 
one of the cold legs. 

Component Cooling Water System (CCWS) 

During normal operation steam will be produced with the generated heat which 
will condense after driving the turbogenerator in the condensers. The condensers 
are cooled by water from a river, a lake or the sea, sometimes combined with 
a cooling tower. A small amount of the generated heat is removed by the com
ponent cooling water system. 

The main functions of the CCWS are: 
- cooling the various nuclear auxiliaries required for normal operation of the 

units, such as the motor and the bearing of the primary pumps, and the heat 
exchangers in the chemical and volume control system; and 

- cooling a number of important systems, especially: 
• heat exchangers in the residual heat removal system (RHRS), 
* heat excnangers in the containment spray system during accidents. 

The component cooling water system can consist of three diesel-backed pumps 
and two heat exchangers. Under normal conditions, only one pump and one heat 
exchanger will be in operation to ensure the adequate cooling. The second pump 
is on standby and starts automatically if the active pump fails. The third pump 
serves as back-up and is connected to the second heat exchanger. The heat 
exchangers in the component cooling water system are cooled by the essential 
service water system. This essential service water system provides the ultimate 
heat sink since it is directly connected with a river, a lake or the sea possibly 
combined with a cooling tower as is the condenser. The component cooling 
water system could also have a provision for an alternative heat sink, depending 
on the availability of the main heat sink. 
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3.4.4 Reactor Coolant System Integrity 

The reactor coolant system (RCS) water integrity is preserved and controlled 
during normal condition by the chemical and volume control system. The 
system can be used to compensate for small breaks in the RCS up to equivalent 
diameter of e.g. 3/8 inch. For larger breaks the safety injection system is 
required to provide adequate emergency cooling of the reactor core. 

Chemical and Volume Control System (CVCS) 

The purpose of the chemical and volume control system is to: 
- offset variations in reactor coolant volume due to changes in temperature, 
- replace any coolant lost during minor leakage in the primary system, and 
- adjust the boron concentration of the primary coolant. 

The chemical and volume control system includes the volume control tank and 
three parallel charging pumps (CVCS pumps) as well as refuelling water storage 
tanks containing boric acid and deionized water. The water level in the 
pressurizer is controlled to maintain the required inventory of coolant in the 
primary system. The composition of the make-up water is adjusted so that the 
concentration of boric-acid in the primary system agrees with the requirement. 

A small amount of reactor coolant water is continuously discharged from one of 
the cold legs of the reactor coolant system. Normal charging flow is handled by 
one of the three CVCS pumps which could be used as high pressure safety 
injection pumps. A small fraction of the charging flow may be used as an 
auxiliary spray for the pressurizer. Another fraction is directed to the reactor 
coolant pumps for seal water injection. This seal water injection should always 
be available when the pumps are in operation to avoid deterioration or even 
destruction of the primary pump seals which can lead to a considerable primary 
water ieak. 

Safety Injection System (SIS) 

In the event of rupture of a reactor coolant pipe, the fuel cladding can become 
overheated even if the reactor is shut down immediately. The Safety Injection 
System should be designed to adequately cool the reactor core for a spectrum 
of pipe ruptures from small breaks up to a circumferential rupture of the main 
cooling circuit (double ended guillotine rupture). The safety injection system for 
a pressurized water reactor usually consists of three subsystems: 
1. a high pressure safety injection system, 
2. an intermediate pressure accumulator injection system, and 
3. a low pressure safety injection system. 

The high pressure injection system is sometimes combined with the chemical 
and volume control system but other reactor vendors like Siemens apply 
separate pumps with a lower discharge head for safety injection. The high 
pressure injection system is designed to supply borated water to the core in the 
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event of small and medium-size breaks until the reactor pressure is low enough 
to activated the low pressure injection system and the residual heat removal 
system. In the event of large pipe breaks the high pressure injection system is 
not sufficient to replace the lost coolant. In such events the reactor pressure is 
quickly reduced and the low pressure injection system can almost immediately 
be placed into operation. Until the low pressure injection system provides full 
capacity and to reflood the reactor core as quickly as possible, a large quantity 
of water can be supplied from the accumulator system. 

During a pipe break, water will escape into the reactor containment and collect 
in the sump in the containment floor. The high pressure injection system first 
injects borated water from storage tanks. When the reactor pressure decreases to 
below about 2.5 MPa, water is automatically injected into primary loop from 
the accumulator system. Eight accumulator in the Konvoi plant, filled with boric 
acid solution and pressurized with nitrogen, start injecting at that pressure. The 
accumulators are a good example of a passive system which does not require 
any mechanical or electrical energy to function. As soon as the reactor pressure 
falls below the accumulator pressure, water is forced into the primary loop. 

The low pressure injection system first draws water from the storage tank. 
When the tank is nearly empty, the low pressure pumps are realigned to 
recirculate water from the containment sump via heat exchangers. The pumps 
and heat exchangers of the low pressure injection system can be combined with 
the residual or decay heat removal system. The realignment of the suction lines 
of the pumps from the storage tank to the containment sump is carried out 
manually. 

The high pressure injection system can in some designs also draw water from 
the containment sump when the storage tank is empty. The suction lines of the 
high pressure charging pumps will then be connected to the outlet of the low 
pressure injection system downstream of the heat exchangers. These two 
operating modes are called safety injection and recirculation. Realignment is 
carried out by the reactor operator at low level in the storage tank or at high 
level in the containment sump. 

3.4.5 Reactor Containment Integrity 

The reactor containment structure which encloses the primary realtor system, 
has two distinct functions, viz. the protection of the primary reactor system 
against natural or man-made external hazards (such as flooding, hurricanes or 
airplane crash) and to isolate possible leakage of radioactive material from the 
environment by providing a leaktight barrier. The first function is accomplished 
by a cylindrical reactor building with a hemispherical cap made of prestressed 
concrete. The leaktight barrier is designed to accommodate discharged steam 
and water after rupturing the largest pipe of the primary system. For the 
Borssele 480 MWe nuclear power plant this barrier is composed of a spherical 
steel structure with a thickness of 2.2 to 3 cm and a diameter of 46 m. The 
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design pressure is 0.49 MPa. 
The main penetrations of the containment are the equipment hatch, the 
personnel air lock and a fairly large number of electrical and mechanical pene
trations. All the pipes passing through the containment wall have inner and 
outer isolation valves. The valves allow the containment to be sealed off if 
required, thereby preventing the escape of any radioactive substance to the 
environment. 

In the event of a pipe break inside the containment, the atmosphere can be 
cooled by fan coolers or by spraying water from the top of the building, depen
ding on the design. When the spray storage tanks become empty, the contain
ment spray system can also recirculate water from the containment sump in the 
base of the building forming a closed cooling circuit. The containment spray 
system is activated either by the operator or by very high containment pressure 
in the event of an accident involving a pipe rupture. 

3.4.6 Radioactive Effluent Control 

The release of radioactive material produced in nuclear fission reaction is 
limited by means of a series of barriers which provide the defense-in-depth. The 
innermost fission product barrier is the uranium dioxide fuel itself. Most of the 
produced fission products are retained in the fuel, when the uranium nuclei are 
split the fission products are assimilated in the vacancies in the uranium dioxide 
crystal lattice of the fuel. The gaseous and some of the volatile fission products 
will escape from the fuel matrix and depending on the temperature. 

To prevent this portion from entering the coolant, the uranium dioxide pellets 
are enclosed in seal-welded Zircalloy cladding tubes. Leaks in individual fuel 
rods during operation cannot be completely ruled out. Therefore, the coolant 
purification and degasification system are designed to remove contamination 
from the reactor coolant in order to continuously operate the reactor safely with 
a few defective fuel rods. The pressure-tight reactor coolant system prevents 
radioactive fission products from escaping into the containment. 

The ultimate barrier which prevents uncontrolled release of radioactive material 
to the environment is the gas-tight, spherical containment. The containment is 
designed to withstand the pressure and temperature effects of a postulated pipe 
rupture. Since this is the final barrier, it must remain fully operable should all 
the other barriers fail. The containment is designed to accommodate the reactor 
coolant inventory in the event of a primary pipe rupture, or the contents of the 
secondary side of steam generators in case the steam line or feedwater line 
would rupture. The containment in turn is protected against external hazards by 
a reinforced concrete shell. 
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4.1 Introduction 

The purpose of the models is to support the assessment of the behaviour of light 
water nuclear reactor that have exhibited abnormal behaviour as a result of an 
unplanned incidents. The intent is that this tool will be easy to apply for moni
toring system behaviour without relying on complex computer codes. 

4.2 Decay Heat Generation 

After termination of the fission chain reaction as the reactor is shut down, the 
decay of radioactive fission products continues to produce a significant amount 
of heat, the decay heat or afterheat, and it only decreases slowly. This decay 
heat is generated by beta and gamma emission from decaying fissions products. 
About 7% of the fission energy is released from the fission products as radiation 
energy. The decay heat is substantial and capable causing a serious damage or 
even a melt down of the reactor core if left unprotected. A large 1000 MWe 
nuclear power plant with a reactor core thermal power of 3077 MW produces 
directly after shutdown some 200 MW of decay heat and after one hour still 
37 MW. The fuel must therefore be cooled to prevent overheating after the 
nuclear chain reaction has ceased. The decay heat cannot be 'switched off. 

Decay heat depends on the burn-up, i.e. the reactor power and operating time, 
and on the time after shutdown. For an accurate calculation, the composition of 
the fuel must be taken into account, since the composition of the produced 
fission products depends on the kind of nuclide undergoing fissions. 

The decay heat of individual fuel assemblies and the entire reactor core 
increases during the operating cycle. The decay heat is lowest shortly after 
refuelling, since the core then contains a large part of fresh fuel. It then builds 
up within about one month to a level close to that existing towards the end of 
the operating cycle. The decay heat is highest in the fuel assemblies which have 
reached their target bum-up and which are ready to be removed from the core. 

4.2.1 Assumptions and Limitations 

The following assumptions apply for the decay heat model: 
- all the energy of beta particles and gamma-ray photons is converted into heat, 
- the reactor contains initially fuel consisting of only 235U, 238U, 
- the reactor has been operated at a constant fission rate for a period of time 

and was then shut down instantly, 
- the energy release per fission is assumed to be 200 MeV. 

The decay heat model does not include spatial effects of the core power distri
bution nor does it considers the radial and possibly axial differences in enrich-
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ment. Neglecting spatial effects have a very small effect on the decay heat. 

Although the fission energy released from delayed neutron will give a signifi
cant contribution to the decay heat power in the first minutes after shutdown. It 
is not included because the AIMS program is focused on the later phase in an 
accident after the initial response of the system. The contribution of delayed 
neutrons strongly depends on the inserted negative reactivity for which a simpli
fied model is not readily available. 

The used model does not include the decay of relatively short-lived products, 
viz. uranium-239 and neptunium-239, formed as a result of neutron capture in 
uranium-238. These radionuclides add only about a fraction of 0.004 to the 
normalized decay heat power (Pj/P) for the first few minutes and less than 
0.002 within an hour after shutdown. 

The standard methods of evaluating decay heat power described herein are only 
applicable to light water reactors. The standard [9] does not apply for time after 
shutdown (t) above 109 seconds and should not be extrapolated beyond 109. 

4.2.2 Decay Heat Function 

The nuclear decay heat is completely determined by the power history of the 
reactor core and the kind of nuclide undergoing fission. Detailed tables of decay 
heat for different nuclide have been published by American Nuclear Society 
(ANSI/ANS-5.1-1979) [9J. The used decay heat model is based on this standard. 
For licensing evaluations of the performance of emergency core cooling sys
tems, a simplistic single curve from an older standard (1973) is still being used 
since that standard corresponds with USNRC approved models for Loss of 
Coolants Accidents (LOCA). For some applications a conservative multiplier of 
1.2 is applied. 

This 1979-standard sets forth values for decay heat power from fission products 
following shutdown of light water reactors with fuel containing uranium-235, 
uranium-238 and plutonium-239. The contributions from 235U, 238U and 239Pu 
are treated explicitly, account is made for other fissile (i.e. fissionable) nuclide 
by treating them as 235U. Methods are described which account for the reactor 
operating history and for the effect of neutron capture in fissions products. 

The decay heat power function, F(t,T), from fission products produced at a 
constant rate over an operating period, T, without neutron absorption in the 
fission products is: 

23 

F(f,D = £;- -e*1' >{l-ex'T) (4-D 
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where: F(t,T) 
t 
T 
et, X 

decay heat power [MeV/Fission] 
time after shutdown [s] 
operating time before shutdown [s] 
parameters for exponential fits given in Table 4-1. 

Table 4-1. Used tables with values a and X 

Fissile nuclide Tables number in ANSI standard [9] 
235U (hernial fission 
239Pu thermal fission 
238U fast fission 

Table 7 

Table 8 

Table 9 

The contribution of decay heat power by 239Pu increases at higher fuel burn-up 
due to build-up of Pu in the fuel as a result of neutron capturing in 238U. After 
about four years the fractional power for 235U, 239Pu and 238U are respectively 
0.5,0.42 and 0.08 according to [9]. The other fissile nuclides are treated as ^ U 
and included. The fractional contributions are taken from the appendix of the 
ANSI standard and are implemented in the used model. The total decay heat 
power relative to the operating power is calculated as follows: 

pi i f Ffi,T) (4-2) 

where: P',, 

P 
pyp 
f 

Q 

decay heat power without neutron absorption in the fission 
products [W] 
operating power before shutdown [W] 
normalized decay heat [-] 
fractional power [-] 
energy release [MeV/fission] 
1,2,3 represent 235U thermal, 239Pu thermal, and 238U fast. 

The result has to be multiplied with a correction factor, G(t), which accounts for 
neutron capture cr absorption in fission products. For shutdown times t < 104 

seconds (2.8 hours) and operating times T < 1.2614-108 seconds (4 years) the 
factor G(i) is computed as follows: 

G(?) = Ï.O^.TAIO^+S.ISIO'10 • t) • T°A (4-3) 

where: G(t) 
t 
T 

correction factor [-] 
time after shutdown [s] 
operating time before shutdown [sj. 

The maximum value of G(t) in this period is 1.064 and is negligible compared 
to other inaccuracies and uncertainties. For shutdown times 104 < t < 109 s, 
Table 10 of the ANSI standard lists the correction (multiplicative) factors, 
GmjK(t), i.e. the maximum of G(t). At the end of our period of interest - after 
106 s (11.5 days) - the value of Gmw is 1.124, after which is gradually increases 
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until almost 1.6 at 10 s (3.17 year). The total normalized decay heat is then: 

P P' 
-^(t,T) = G(t) • -^(f,7) 

(4-4) 

Input 

Operating time, T [s] 

Reactor power, P [W] 

Time after shutdown, t [s] 

Decay heat from fissile material: 
-235U 
-239Pu 

Including neutron capture 

Output 

Decay beat power, 
Pd[W] 

Figure 4-1. Decay Heat Model 

The model can also return a time after shutdown given at which a specified 
amount of decay heat power has been generated. This second function will be 
used in this version of AIMS. 

4.2.3 Integrated Decay Heat Power 

A cumulative amount of energy by the decay power is required in AIMS for 
predicting the time to dryout steam generator, to heatup and to boiloff the 
reactor coolant water. For this reason a table of the cumulative decay heat as a 
function of time will be used. 

To integrate the decay power function numerically, the trapezoidal numerical 
integration method is selected. The interval stepsize is not constant but increases 
exponentially with time, since the decay heat decreases negative exponentially 
with time. This yields a fast executing integration scheme with adequate accu
racy throughout the time span under consideration up to 1000 hours. Although 
the decay heat model allows for a straight forward analytical integration, the 
used numerical integration scheme is very accurate and can also be applied for 
decay heat functions which are differently defined. 

4.2.4 Results 

Comparing the decay heat of23SU thermal, 239Pu thermal, mU fast 

Figure 4-2 shows the decay heat power from fission products which are pro
duced during the fission of 235U, 239Pu and 238U at a steady rate over a one-year 
period of time. The decay heat for 239Pu is initially somewhat lower than that 
of 235U and 238U. After about 1 hour the decay heat of the fission products of 
the three nuclide are almost the same. 
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Operating Power one year 
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Figure 4-2. Decay Heat Power of U-235, Pu-239, U-238 

Comparing with a simplified method 

For estimation the decay heat power may be obtained by using a simplified 
method. It is assumed that the decay heat power from fissile isotopes other than 
235U is identical to that of 235U. This simplified method overestimates decay 
heat power, especially with respect to light water reactor cores containing an 
appreciable amount of plutonium. An example of the formula based on the 
simplified method is given by [2]: 

p 
- £ = 510"3 • a • [r*-(T+0"*] (4-5) 

where: Pj/P : normalized decay heat (P^cty hetJPMtM) [-] 
t : time after shutdowns] 
T : operating time at constant power prior to shutdown [s] 
a,b : dimensionless coefficients given in Table 4-2. 
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Table 4-2. Values of a and b for various cooling time intervals 

Time after shutdown [s] 

0.1 to 10 12.05 (17.05)!) 0.0639 

10 to 150 15.31 0.1807 

150 to 8-108 2743 0.2962 

1) Ref. [2] most likely contains a typing error, corrected value between parenthesis. 

This decay heat model based on this simple, empirical formula, was used in the 
CORSA program [5], In Figure 4-3 the results with this simple model are 
compared with the ANSI standard. The ANSI standard gives a higher decay 
heat power than the simple model. This differences might be due to the inclu
sion of neutron capture effects in the ANSI Standard, especially above 104 s this 
correction factor increases from about 1.1 to 1.6 at 108 s. The discontinuity in 
the decay heat of the simple model at 10 s after scram can be clearly seen. At 
that time the factors a and b change from the first set to next second. The most 
likely cause of the discontinuity is a typing error in [2], the factor a should be 
17.05 instead of 12.05. 

Used decay heat and integrated decay heat with different operating times 

In Figure 4-4 and Table 4-3 the decay heat power is shown as a fraction of the 
reactor operating power prior to shutdown and as a function of the time after 
shutdown for reactor operating times of 30 days, 1 year and 4 years. At 4 years 
most fission products have reached saturation levels. 

Table 4-3. Normalized decay heat power after shutdown [lyP] 

Time after shutdown 

I s 

1 min 

lh r 

1 day 

30 days 

Operating 

30 days 

0.056 

0.031 

0.011 

3.410'3 

4.9 10-4 

time prior' 

1 year 

0.058 

0.033 

0.012 

4.7 10'3 

1.4-10"3 

to shutdown 

4 years 

0.059 

0.034 

0.012 

5.0-10'3 

1.6 10"3 

It can be seen that 1 second after shutdown the decay heat of fission products 
is somewhat more than 6 percent of the reactor thermal power during operation. 
For short periods after shutdown (t < 1 hour) ihe ratio VJ? is essentially inde
pendent of the operating time provided the operating time is longer than about 
30 days. The fission products with short half-lives, which determine the initial 
decay heat significantly, reach their saturation values quickly. Fission products 
with a longer half-lives reach their saturation after a longer period of operation. 
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Figure 4-3. Decay Heat Power of ANSI-standard and Simplified Polynom 

The later decay heat (t >1 hour) is caused by fission products with longer half-
lives, and the existing quantity of these products at shutdown will strongly 
depend on the reactor operating time in which these fission products will be 
build-up. 

Table 4-4. Integrated decay heat power expressed in full-power-seconds 

Time after shutc'own 

1 s 

1 min 

1 hr 

1 day 

30 days 

Operating 

30 days 

0.058 

2.26 

54.5 

463 

3099 

time prior 

1 year 

0.059 

2.34 

58.9 

574 

5865 

to shutdown 

4 years 

0.060 

2.36 

60.1 

600 

6604 
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Decay Heat and Integrated Decay heat 
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Figure 4-4. Decay Heat and Integrated Decay Heat 

4.2.5 Implementation 

The numerical integration is performed in a separate routine (CLASS 
Decayheat) in the AIMS program and the results at 60 instants are stored in a 
table with exponentially increasing intervals. The table spans a period of time 
up to 1000 hours (more than 41 days) after shutdown. The routine Decayheat 
that reads the table can return: 

- the integrated decay heat at a point in time after shutdown, and 
- the inverse relation, viz. the time required to produce a certain amount of 

heat from any point in time onwards after shutdown. 

The routine interpolates intermediate values in the table linearly, which is 
adequately accurate for this application. 
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4.3 Steam Generation from Decay Heat 

The thermohydraulic models to be described in this chapter will predict succes
sive time points at which: 

1. dry out of the steam generators occur, when all the water at the secondary 
side of the steam generators has been evaporated, this is called t p 

2. heatup of the reactor coolant to saturation conditions is accomplished, when 
the temperature the reactor coolant water in the primary system has been 
heated up to the saturation temperature, that corresponds with the relief 
pressure of the safety/relief valves of the pressurizer (at that time boiling in 
the reactor vessel will occur), this is called tj, 

3. boiloffofthe reactor coolant to onset of core uncovery, when an amount of 
the primary water has been boiled off that causes the uncovery of the reactor 
core, this is called t3. 

These events require an amount of energy for evaporating the water in the 
steam generators, and for heating up and boiling off the primary water in the 
RCS. The decay heat generated in the core produces this amount of energy in 
a period of time. In order to be able to calculate the amount of time directly the 
integrated decay heat will be stored in a table. The time required to produce a 
certain amount of energy can be directly accessed in that table. 

The objective of the thennohydraulic models is to be able to periodicly update 
the predictions of above mentioned timepoints based on newly obtained 
measured data, e.g. every five minutes. The results of these so called real time 
or updated models can be compared with an estimate by an initial model and 
with the actual data of the simulated accident sequence. 

4.3.1 Assumptions and Limitations 

The following assumptions and limitations apply to the three consecutive 
phases: 

1. dry out of the steam generators 
- All energy generated in the core (decay heat) is transferred to the primary 

coolant and then to steam generator (SG) secondary side until the secondary 
side is dry. 

- All feedwater supply systems fail, i.e. neither turbine, motor, nor diesel 
driven feedwater pumps will provide feedwater tot the steam generators. 

- No mass loss nor gains from the primary system in this phase. 
- Quasi steady-state process, i.e. the average temperature of the RCS is 

assumed to remain constant. 
- No heat losses to the containment. 
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2. heatup of the reactor coolant 
- After SG dryout the decay heat energy will increase the temperature of the 

RCS (fluid and material) uniformly to a temperature and pressure limited by 
the set points of the pressurizer safety/relief valves. 

- All emergency core cooling systems fail to maintain the reactor coolant 
inventory. 

- The thermal expansion of the reactor coolant causes a pressure increase in 
the RCS by which water and steam is forced into the pressurizer and expel
led through the safety/relief valves. 

- The RCS will not contain large pockets of steam. 

3. boiloff of the reactor coolant 
- After the temperature of the reactor coolant reaches the saturation tempera

ture, the decay heat will boil off the primary coolant. 
- No energy is added from pressurizer heater. 

4.3.2 Dryout of the Steam Generators 

After shutdown of the reactor, the primary reactor coolant system will be cooled 
by evaporating the water inventory of the secondary side of the steam 
generators. The steam will preferably be directed to the condenser through the 
turbine bypass line. If the condenser vacuum cannot be maintained (e.g. in case 
of loss of off-site power), the steam will be discharged to the atmosphere. 

The feedwater inventory of the steam generators will boil off due to decay heat 
generated in the core. The time for SG dryout can be calculated with the energy 
balance equation for secondary fluids in the steam generators, this balance 
equation can be expressed as: 

Q = m • (V*i)+5 * m ' (4-cfMEp[-Ep2yW (4-6) 

energy [J] 
mass of liquid secondary side of SGs [kg] 
enthalpy of feedwater [J/kg] 
enthalpy of saturated steam [J/kg] 
velocity of entering feedwater [m/s] 
velocity of discharged steam [m/s] 
potential energy of entering feedwater [J] 
potential energy of discharged steam [J] 
work [J], 

The potential energy difference (Ep2 - EpI) is relatively small for the steam 
generator and will be neglected. The increase of kinetic energy can also be 
neglected as it is small compared with the enthalpy increase of the liquid if it 
is evaporated to steam. 

The work, W, is the mechanical energy from the primary recirculation pumps 

wnere: y 
m 
h« 
h2 

c2 

EPI 
EP2 
W 
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Wrcp and the energy, Q, concerns the decay heat Q ^ . The simplified energy 
equation is: 

Qdh = m- ( V A , ) " * , rep 
(4-7) 

The other simplifying assumptions are that the secondary water is saturated and 
the feedwater supply has stopped. The discharged steam contains 100% steam 
(x=l). The energy needed to increase enthalpy from water (liquid) to steam 
(gas) is equivalent with the latent heat of evaporation at the pressure of the 
secondary side, viz.: 

hla - ft2~ftI 
(4-8) 

The approximate elapsed time for evaporating the water inventory of the steam 
generator secondary side can be derived from the following energy equation: 

Q*+W* = mb-kk 
(4-9) 

or 

IqJt^P^dt = mfa • h^ (4-10) 

where: 
* rep 

qdh 
m u 

pump energy input [W] 
time at which the steam generators become dry [s] 
decay heat rate [W] 
total mass of liquid contained in the secondary side of all 
SGs [kg] 
latent heat of evaporation at the SG pressure [J/kg]. 

The total mass of liquid contained in the secondary side of all SGs, rals, is not 
directly available from measured data. Therefore it will be calculated using the 
measured water levels in the downcomers of the steam generators as is cal
culated with RELAP5, Within a few seconds after scram the water level will 
drop to almost the top of the downcomer due to an increased pressure caused by 
isolation of the steam line. At the increased pressure the saturation temperature 
will be higher which requires a heatup of the feedwater inventory in order to 
resume boiling. The drop in water level is caused by collapsing the steam in the 
boiler section of the steam generator. The expression of water mass in steam 
generator, mls is: 

mts= Ld' Aeff ' P « 
(4-11) 

where: L,, 

P«ec 

height top of downcomer in the steam generator [m] 
the effective area of the steam generator [m2] 
the specific density of the saturated liquid in the steam 
generator secondary side [kg/m3]. 

The value of Aeff is calculated in appendix B. 
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Real time dryout steam generators estimation model 

The real time model uses the measured data which are provided by a file that 
contains data from a calculation with RELAP5. In this model equation (4-10) 
will be integrated from the actual time and the measured water levels of steam 
generators will be used, viz.: 

/«•i*+j>W* = »<* • K* (4-12) 

where: ta : actual time after scram [s] 
m,s a : the remainder mass of liquid contained in the secondary side 

of all steam generators [kg] 
h, : the actual latent heat of evaporation at the pressure of the 

secondary side [J/kg]. 

The actual measured water level in the steam generators will be used for calcu
lating the amount of water that remains in the steam generators secondary side, 
mls a. The expression for mls a is: 

2 
mup

 = E ^ 'A#'9^ (4"13) 

where: i : 1,2 represent each steam generator 
L ^ : actual water level in each steam generator secondary 

side [m] 
psec : the actual specific density of the saturated liquid in the 

steam generator secondary side [kg/m3]. 

4.3.3 Heatup of the Reactor Coolant 

The time required for heatup of the reactor coolant to saturated conditions will 
be calculated with the energy balance equation. After the steam generators have 
been dried out, the primary coolant and the primary reactor structure will be 
heated from an average reactor coolant temperature to a temperature that cor
responds with the saturation temperature of water at the setpoint of the 
pressurizer safety/relief valves, called T2. 

Three different processes can be identified when the reactor coolant system 
heats up, viz.: 
1. the increase of the average temperature of the reactor coolant water, and of 

structural material to saturation temperature conditions, 
2. the discharge of reactor coolant water due to thermal expansion of the 

coolant, 
3. the decrease of the average fuel temperature as the fuels cools from its 

steady state average value to a value closer to the coolant temperature. 

The amount of energy involved in these three processes are derived below and 
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identified with Q t, Q2, and Q3 respectively. 

Qx - m^iTt-Td+mnib-hJ (4-14) 

where: Qj assumed energy absorbed by liquid remaining in primary 
loop system and structural material [J] 

mm : metal mass of structural components [kg] 
C : specific heat of metal components [J/kgK] 
T2-Tt : change in system coolant average temperature [K] 
m12 mass of liquid remaining in primary loop [kg] 
h2-h, : liquid enthalpy difference between statepoint 1 and 2 [J/kg], 

During the heatup period an amount of liquid will be pushed out of primary 
system due to thermal expansion of the coolant. The liquid enthalpy will be 
between ht and h2. An average value is assumed for this calculation. 

Qz = Am • ^ " ' ->Am = V • (p,-p2) <4"15) 

where: Q2 assumed energy absorbed by liquid pushed out primary loop 
system [J] 

Am mass of liquid pushed out from primary loop due to thermal 
expansion [kg] 

V : volume of primary loop system excluding pressurizer, surge 
line, and accumulator lines [m3] 

Pj^ liquid density at statepoint 1 and 2 [kg/m3]. 

Initially the average temperature of the reactor fuel, Tf], is higher than the 
primary coolant temperature. Within a few minutes after scram the fuel 
temperature decreases to a temperature close to the coolant temperature. During 
the heatup phase the fuel temperature will increase to TR, thereby absorbing 
some heat since the average coolant temperature increases to saturation 
conditions. Tn will be taken equal to T2. The energy transferred from fuel to 
primary coolant is: 

<?3 = njCM\Tn-TJ (4-16) 

where: Q3 

mf 

T f l~T f2 

energy transferred from fuel to primary coolant [J] 
mass of fuel U02 [kg] 
specific heat of fuel [J/kgK] 
change in average fuel temperature [K]. 

The integrated decay heat energy required for the coolant heatup is then: 

h h 

l*«fi*lufl - <?i+<?2-<?3 (4"17) 

where: P ,^ : Pump energy input [W] 
tj : time when the primary system saturated [s] 
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The heatup period expression can be written: 

h h 

fPr^+fr*,* - ^•C^2-Tl)-mf<:pfiT/1-T/2) 

( V A i ) +Am • +w12 i^ -hj 

Real time heatup reactor coolant system estimation model 

The real time model estimates the time required to heatup the reactor coolant 
system from the actual measured temperature to a temperature that correspon
dents with the saturation temperature of water at the setpoint of the pressurizer 
safety/relief valves. The temperature T, in Equation 4-18 is to be replaced with 
the actual measured temperature, Ta. The average reactor coolant temperature 
will be based on the four temperature measurements, viz.: hot leg and cold leg 
temperatures of both loops. The expression for Ta is simply: 

Ta = \- (WW WW «-»> 

where: Ta 

Thll(2),a 
T d l ( 2 ) , a 

actual average temperature [K] 
actual temperature of hot leg, loop one and two [Kj 
actual temperature of cold leg, loop one and two [K]. 

The actual enthalpy, ha, and the actual specific liquid density, p., is derived 
from the actual temperature and actual primary pressure, p,. The expression for 
actual energy absorbed by liquid remaining in primary loop system and struc
tural material is: 

<?.„ = ".^iTt-V+mvib-kJ (4-20) 

where: ba : actual enthalpy of liquid in the primary system [J/kg] 
m12 : mass of liquid remaining in primary loop [kg] 
C : specific heat of metal components [J/kgK]. 

The actual energy absorbed by the amount of liquid, that has been pushed out 
of primary system due to volume thermal expansion during the actual heatup 
period can be estimated from the expression: 

where: Q2 8 : assumed actual energy absorbed by liquid pushed out [J] 
Ama : actual mass of liquid pushed out from primary loop because 

of thermal expansion [kg] 
pa : actual liquid density [kg/m3]. 

The energy required to heat up the fuel from its actual temperature to tempera
ture T2 cannot be calculated directly, since the actual fuel temperature is not 
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measured. However, it is assumed that after a few minutes the fuel temperature 
will reach a value close to the coolant temperature. The amount of energy 
involved in heatup or cooldown of the reactor fuel has been neglected after the 
initial cooldown. In future work the reactor tuel could be considered similarly 
as metal mass of structural components. 
The used integrated decay heat energy required for the coolant heatup is: 

h. h 

IW*!^ = Qu.*Qu (4"22) 

where: ta : actual time [s]. 

The actual heatup period expression can be written: 

f**P+lufi = m
mCp«- {Tz-TJ*Lm • - \ ^ + m 1 2 • ( V A J ( 4"2 3 ) 

'« ' . 

4.3.4 Boiloff of the Reactor Coolant 

After the primary coolant temperature reaches saturated conditions correspon
ding to the pressure setpoint of the relief/safety valves, the boiloff period 
begins. The decay heat will then cause the primary coolant to evaporate. In the 
period until the top of the core uncovers, three different processes can be 
identified, viz.: 

1. the evaporation of the liquid in the reactor coolant loop system excluding the 
pressurizer, 

2. the heatup of liquid contained in the pressurizer to saturation conditions, and 
3. the evaporation of the liquid left behind in the pressurizer and surge line. 

The amount of energy involved in these three processes are derived below and 
identified with Q,, Q2, and Q3 respectively. 
During the boiloff period an amount of liquid will be displaced due to void 
formation. The displaced water is expelled from the system through the 
safety/relief valves of the pressurizer and will therefore not be converted to 
steam. The energy needed for evaporating the liquid of the primary loop system 
above the core has to be reduced by the displaced and expelled liquid: 

ECN - TUD, October 1993 43 



Accident and Incident Management Support (AIMS) 

Q, = {V-Vf-V) • P2 ^ (4-24) 

where: V volume of primary system excluding pressurizer, surge line, 
and accumulator lines [m3] 

Vr : volume of liquid in primary system below the top of the 
cote and downcomer inlet [m3] 

Vv : volume of liquid in primary system displaced by initial void 
generation [m3] 

hj : latent heat of evaporation at statepoint 2 [J/kg]. 

During the boiloff process the hot legs, the upper plenum below hot leg 
centerline, and the core are assumed to be voided to a void fraction of 0.2, 
according to [3]. The upper head and upper plenum above hot leg centerline are 
completely voided. The volume of liquid in primary system that is displaced by 
void, is sum of these volumes. 

The liquid contained in the pressurizer are not included in the circulation for 
primary loop. Therefore it will be calculated separately. The energy required to 
heat the liquid contain? d in the pressurizer to saturated condition is: 

<?2 = K . , - P. p+i ~ave 
(VA2 (4-25) 

where: V^, : volume of presourizer + surge line [m3] 
'pts 

'ave average density = (pl+p2)/2 [kg/hr] 

Due to the loop design of the surge line, an amount of liquid remains in the 
pressurizer during evaporating of the liquid contained in the pressurizer, i.e. 
liquid of pressurizer and surge line below elevation of surge line connection to 
hot leg. Energy required to evaporate the liquid in th pressurizer and surge line 
is then: 

<?3 « ( ' • % - V P 2 \ (4-26) 

where: V h : volume of pressurizer and surge line below the top of the 
core and down comer inlet [m3l 

The integrated decay heat energy required to evaporate the liquid mass and to 
heatup the liquid in the pressurizer and surge line is: 

JPrcp + /<W* = <?1 + <?2 + <?* (4~27> 

h h 

where: t3 : time when core uncover [s] 

The boiloff expression can be written as follows: 
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h h 

Real time boiloff of the reactor coolant 

The Borssele Nuclear Power Plant has no vessel level indication. Without that 
indication no information is available on the mass of water that is left in the 
reactor vessel at actual time ta. Therefore the real time model cannot be updated 
and the prediction at the time of coolant heatup is maintained throughout the 
boiloff phase. 

The real time estimation to core uncover} is simply reduced with the sample 
time interval. An expression for the real time boiloff of the reactor coolant 
cannot be applied. The boiloff phase begins from t2 until core uncovers at t3. 

The validity of the applied assumptions, especially for the boiloff phase should 
be evaluated with future extensions of the ATMS program. If a sensitivity 
analysis would show that the assumptions have a substantial influence on the 
prediction accuracy, an analysis will be required. Considering a measured water 
level in the reactor vessel and possibly other measured data beyond the scope 
of the ERDS format would enhance the AIMS program. 

4.3.5 Results 

The predictive capability of die ATMS program can be demonstrated by 
considering a station blackout event. This accident is characterized by a 
complete loss of all on-site and off-site AC-power. Under these circumstances 
turbine trip and Reactor Coolant Pump (RCP) trip occur at time zero and the 
reactor scrams due to low RCP speed within one seconds. During the course of 
the event the Chemical and Volume Control Systems (CVCS) system nor 
turbine of compressed nitrogen driven cooling systems will be available. 

Without any further operator action, the station blackout event will ultimately 
terminate in a high pressure core melt situation, as a consequence of the 
continuous loss of water inventory through the safety/relief valve(s). 

The initial estimation model is compared with RELAP5 calculations for Bors
sele Nuclear Power Plant in Table 4-5. 
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Table 4-5. Comparison RELAP5 Calculations and Initial Models 

Event RELAP5 [s] Models [s] 

Steam generators dryout 2790 2180 

Coolant heatup 5010 4007 

Core uncovery begins 7380 8397 

These results show that the calculation of steam generators dryout and coolant 
heatup models predict a too fast system reaction which shall later be explained 
as caused by a too small steam generator inventory. The core uncovery model 
predicts a later uncovery than the results of RELAP5 show. 

In the periodically updated model the initial calculation will be updated with 
actual measured data from RELAP5 data file as the accident progresses. 
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Table 4-6. Actuai 'measured' data calculated with RELAP5 

Time after 
scram 
[s] 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

400 
800 
1200 
1600 
2000 
2400 
2800 
3200 
3600 
4000 
4400 
4800 
5200 
5600 
6000 
6400 
6800 
7200 
7600 

Pressure 
SGs 
[bar] 

55.5 
73.4 
77.6 
78.8 
79.6 
80.3 
81 
81.6 
82.2 
82.3 
82.5 
82.6 
82.4 
82.5 
82.3 
82.6 
82.6 
82.5 
82.5 
82.1 
82.6 

82.6 
82.1 
82.4 
82.3 
81.8 
82.2 
82.3 
82.4 
82.3 
82.5 
82.3 
82.2 
82.3 
82.3 
82.3 
82.1 
82.1 
82.1 
82.1 

Level 
SGs 
[m] 

8.09 
6.33 
5.96 
5.87 
5.88 
5.88 
5.87 
5.87 
5.87 
5.88 
5.87 
5.85 
5.81 
5.79 
5.77 
5.74 
5.72 
5.7 
5.73 
5.72 
5.73 

5.51 
4.84 
3.93 
2.9 
1.81 
0.74 
-0.07 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 
-0.49 

Pressure 
RCS 
[bar] 

154.7 
151.9 
150.7 
150.8 
151.5 
152.7 
153.9 
155.1 
156.4 
157.6 
158.4 
159.1 
159.7 
160.4 
160.9 
161.5 
162 
162.2 
162.6 
162.7 
162.8 

162 
160.4 
159.4 
159.5 
160.6 
160.8 
163 
162.7 
163.9 
162.1 
163.3 
161.9 
165.7 
165.9 
165.2 
161.3 
162.8 
162 
162.9 

Temp, hot 
legs 
[°C] 

315.4 
307 
300.7 
300.5 
301.3 
302.1 
302.9 
303.6 
304.4 
305.2 
306 
306.7 
307.4 
308 
308.6 
309.1 
309.6 
310.1 
310.4 
310.7 
310.9 

310.9 
310 
309.4 
309 
309.1 
309.4 
311.4 
314.1 
325.8 
335.1 
343.4 
347.8 
350 
349.8 
350 
348.3 
348.6 
348.3 
348.5 

Temp, cold 
legs 
[°C] 

291.1 
292.1 
294.7 
295 
295.1 
295.4 
295.7 
296 
296.4 
296.8 
297.1 
297.4 
297.6 
297.8 
297.8 
297.8 
297.8 
297.9 
297.9 
297.9 
297.8 

297.7 
297.5 
297.5 
297.8 
298.4 
298.6 
301.5 
307.8 
319.3 
329.5 
338.8 
346.7 
350 
350 
349.9 
348.3 
348.2 
348.1 
348.2 

State 

Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 

Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Dryout 
Heatup 
Heatup 
Heatup 
Heatup 
Heatup 
Heatup 
Boiloff 
Boiloff 
Boiloff 
Boiloff 
Boiloff 
Boiloff 
Uncov 
ers 

Table 4-6 shows the measured data. The above table shows only the most 
important measured parameters, which are the steam generators secondary side 
pressure and water level, the reactor coolant primary side pressure and 
temperatures in hot and cold legs. The values are the average of the values of 
loop one and the values of loop two. Table 4-7 shows the results of the AIMS 
predictions. The results and the differences with the RELAP5 data will be 
discussed for each period. 
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Table 4-7. Calculated data with the AIMS updated model 

Time after Estimation time for the following events to occur [s] 

SG % error RCS % error Core % error 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

400 
800 
1200 
1600 
2000 
2400 
2800 
3200 
3600 
4000 
4400 
4800 
5200 
5600 
6000 
6400 
6800 
7200 
7600 

Dryout 

3474.5 
2127.5 
1913.0 
1873.9 
1881.1 
1880.9 
1879.1 
1879.4 
1882.0 
1892.6 
1899.2 
1898.9 
1892.8 
1892.9 
1895.7 
1888.4 
1889.7 
1888.5 
1908.2 
1917.6 
1921.8 

1976.7 
1888.2 
1607.4 
1234.0 
795.8 
330.3 

Dry-out at 
2790 s 

24.5 
-23.5 
-30.9 
-32.1 
-31.6 
-31.4 
-31.2 
-30.9 
-30.6 
-29.9 
-29.4 
-29.1 
-29.1 
-28.8 
-28.5 
-28.5 
-28.1 
-27.9 
-26.9 
-26.2 
-25.8 

-17.3 
-5.1 
1.1 
3.7 
0.7 

-15.3 

Saturation 

5686.5 
4231.5 
4027.9 
3975.6 
3970.0 
3950.8 
3928.5 
3908.7 
3891.0 
3884.6 
3873.7 
3854.8 
3830.6 
3817.9 
3810.7 
3792.2 
3786.9 
3779.2 
3801.8 
3812.7 
3818.6 

3932.0 
3936.1 
3696.0 
3330.0 
2869.5 
2377.9 
1957.8 
1806.1 
1321.1 
888.9 
451.1 
111.9 

Saturation 
at 

5010 s 

13.5 
-15.4 
-19.3 
-20.2 
-20.1 
-20.3 
-20.6 
-20.9 
-21.1 
-21.0 
-21.1 
-21.3 
-21.7 
-21.8 
-21.8 
-22.0 
-21.9 
-21.9 
-21.3 
-20.9 
-20.6 

-14.7 
-6.5 
-3.0 
-2.3 
-4.7 
-8.9 
-11.4 
-0.2 
-6.3 
-12.0 
-26.0 
-46.7 

Uncovers 

10427.6 
8673.1 
8427.2 
8365.6 
8361.0 
8339.7 
8314.8 
8292.8 
8273.5 
8267.8 
8256.8 
8235.8 
8208.5 
8195.2 
8188.7 
8168.4 
8164.0 
8156.9 
8186.6 
8202.1 
8211.4 

8393.4 
8485.9 
8280.8 
7922.1 
7448.5 
6936.8 
6512.4 
6415.1 
5911.3 
5472.1 
5026.1 
4700.1 
4300.1 
3900.1 
3500.1 
3100.1 
2700.1 
2300.1 

Onset core 
uncovery at 

7380 s 

41.3 
17.7 
14.5 
13.8 
13.9 
13.8 
13.6 
13.4 
13.3 
13.4 
13.4 
13.3 
13.1 
13.0 
13.1 
13.0 
13.1 
13.1 
13.7 
14.1 
14.4 

20.2 
29.0 
34.0 
37.1 
38.4 
39.3 
42.2 
53.5 
56.4 
61.9 
68.7 
82.2 
97.3 
119.1 
153.6 
216.3 
365.5 
1177.8 

Period until steam generators dryout 

1. The initial drop of the average steam generator levels is caused by collapsing 
of the steam bubbles in the water, due to the increase pressure at the 
secondary side. The pressure in the steam generator increases until the steam 
line safety/relief valves open (slightly above 8.2 MPa), a little over one 
minute into the transient. 

48 1993 October, ECN - TUD 



Thermohydraulic models and visual interface 

2. The difference between initial model estimation (see Table 4-5) and the 
updated estimation at t=0 s, is mainly due to the difference in the water level 
of steam generators. In the initial estimation model the collapsed water level 
in the steam generators is assumed to be 5.9 m, the actual measured value at 
t=0 s has not been used, mainly because the measured water level at t=0 s is 
inaccurate due to void in the water. The assumed water inventory in the 
steam generators in both models is too small due to the enlarged cross-
sectional area at higher elevations in the ste?*n generator. Above a level of 
4.885 m the RELAP5 model uses a cross-sectional area of 6.84 m2 instead 
of the area of 4.73 m2 at lower elevations, the change of the cross sectional 
area can be seen in Figure 3-3. The enlarging area should be taken into 
account with an extension of the AIMS program. See also appendix B for 
the calculation of the effective cross-sectional area of the steam generators. 
The discrepancy between the RELAP5 model and AIMS causes that at water 
levels in the steam generator over 4.885 m the ATMS prediction cannot be 
accurately compared with RELAP5 data. However at lower water levels, 
from t = 800 s onwards see Table 4-6, the applied cross-sectional area is 
similar. 

3. Directly after the scram (t=0 seconds) the hot legs temperature (see 
Table 4-6) decreases rapidly because the heat production in the reactor core 
has stopped. 

4. From t=20 s to 200 s the hot and cold legs temperatures increase slowly. In 
this period the decay heat produced in the reactor core is mostly used to 
heatup the reactor coolant temperature and the feedwater inventory and to a 
lesser extent to evaporate water at the secondary side. 

5. From 200 s to the time of steam generator dryout (t=2790 s) the reactor 
coolant temperature (hot and cold legs) remains almost constant. In this 
period the decay heat produced in the reactor core is transferred to the steam 
generator secondary side, in which the water is evaporated. A natural circula
tion in the primary system is established by the temperature difference 
between hot legs and cold legs. 

6. At the time of steam generator dryout at t=2790 s (see Table 4-6) the 
average reactor coolant temperature is (Thot + Tcold) / 2 = (309 + 299) / 2 = 
304 °C. This average temperature compares very well the initial average 
reactor coolant temperature of (315 + 291) / 2 = 303 °C. Therefore the 
assumption that the average reactor coolant temperature remains constant, 
during the dryout period, is in close agreement with the plant process condi
tions. 

7. From t = 800 s onwards, when the steam generator water inventory in AIMS 
is similar to that used in RELAP5, (see point 2 above) the updated model 
predicts the steam generator dryout very accurately with a maximal relative 
error of 15 %. In the process of comparing AIMS with RELAP5 data several 
phenomena have been examined which could have caused a difference, viz.: 
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A. Overestimating the available water inventory in the steam generators by: 
Al. a too large effective cross sectional area in the AIMS model, 
A2. the measured water level in the downcomer indicates a too large 

water inventory in the steam generators. 

B. Underestimating the produced heat in the reactor core by: 
Bl. assuming a too low decay heat in the AIMS model, 
B2. a delayed reactor scram in the RELAP5 calculation, 
B3. applying a conservative multiplier for the decay heat of 1.2 in the 

RELAP5 calculations (i.e. 20% more decay heat), 
B4. a delayed trip of the reactor coolant pumps which add to the heat 

in the reactor coolant system. 

Discussion 

In the AIMS program initially a larger cross sectional area at the bottom of the 
steam generators was used than was applied in RELAP5. As described in 
Appendix B, the used area in RELAP5 is about 10 % too small. At a water 
level over 4.885 m a much larger cross sectional area should be used in AIMS. 
As is already mentioned the initial water level at t=0 s is too high but after a 
few seconds the water level can be reliably measured. 

The decay heat model in AIMS is according to the latest ANS standard and 
extensively tested. The reactor scram is a little delayed (0.7 s) and it would take 
several seconds for the fissile power to completely drop to zero, depending on 
the negative reactivity and the delayed neutrons, which is included in RELAP5. 
However, these phenomena do not contribute much to the difference. The effect 
of the delayed scram of 0.7 s full power only affects the prediction with the 
initial model. The 0.7 s full power is equivalent to 10 s with maximal decay 
heat of 7 % directly after scram, and to 70 s of 1 % decay heat power i.e. the 
decay heat at the time steam generator dryout at t=2790 s. 

After analyzing the output data of the RELAP5 calculations it appeared that a 
conservative multiplier of 1.2 has been used in the calculations. The multiplier 
is required for licensing calculations for evaluating the performance of 
emergency core cooling systems. Accident management strategies are generally 
analyzed with realistic or so called best-estimate assumptions. 
The reactor coolant pumps are immediately switched off in the accident because 
loss of all AC power causes the pumps to trip immediately. 

Based on the data of Table 4-6 it can be seen that the water level measurement 
has an offset of 0.49 m. This implies that the steam generator dryout will be 
postponed in both the calculations and in the measurements; this offset as such 
does not affect the predicted time to dryout. 

In Table 4-8 a comparison is made between the average So level decrease as 
calculated with RELAP5 and as predicted with AIMS. After the initial system 
response at t £ 200 s the average level decrease of AIMS reduces steadily while 
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the level decrease calculated with RELAP5 shows more variation due to minor 
non-stationary process conditions in the reactor coolant system. The system 
response to intermittently opening discharge valves causes some flow and 
temperature disturbances throughout the system. Table 4-8 also shows the AIMS 
predicted time in the last row which is fairly close to the actual time of dry-out 
at time t ^800 s, when an appropriate water inventory is used in AIMS. 

Table 4-8. Actual (measured) data calculated with RELAP5 

Time after 
scram 
\ 

M 

0 

200 

400 

800 

1 200 

1600 

2 000 

2 400 

2 790 

RELAP5 

LevelSGs 

L 

[m] 

8.09 

5.73 

5.51 

4.84 

3.93 

2.9 

L81 

0.74 

0 

Level decrease 

L/(2790-Ta) 

[10"3 m/s] 

2.90 

2.21 

2.31 

2.43 

2.47 

2.44 

2.29 

1.90 

Time to 
dryout 
T 
*dry 

[s] 

3 474.5 

1 921.8 

1 976.7 

1 888.2 

1 607.4 

1 234.0 

795.8 

330.3 

0 

AIMS 

Level 
decrease 

[10-3m/s] 

2.33 

2.98 

2.79 

2.56 

2.44 

2.35 

2.27 

2.24 

Predicted 
timeSG 
dryout 

[s] ^ 

3 474.50 

2 121.80 

2 376.70 

2 688.20 

2 807.40 

2 834.00 

2 795.80 

2 730.30 

Heatup period, from steam generators dryout to RCS saturation. 

1. After the steam generators dryout, the decay heat will heat up the reactor 
coolant system. In this period, thermal expansion of reactor coolant causes 
coolant loss from primary system. This coolant mass expands into the surge 
line and pressurizer and will be expelled through the pressurizer safety/relief 
valves. 

2. The heatup phase is concluded when water both the hot leg and cold leg 
temperatures are at saturated conditions at t=5010 s. 

3. In the heatup period, the predicted time of reactors coolant system saturation 
is over 20% smaller than the time calculated with the RELAP5 code. The 
element of the energy balance equation are discussed below. 

The energy balance for quantifying the heatup, see Appendix C, contains the 
following elements: 
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a. Heat required for increasing the temperature of the reactor coolant struc
tures to the saturation temperature corresponding to the setpoint of the 
safety/relief valves of the pressurizer. The required amount of heat at 
t = 3600 s is quantified as 5454 MWs. 

b. The required amount of absorbed heat by liquid pushed out from the 
primary system at t = 3600 s is quantified as 1471 MWs. 

c. Heat required for heat up of the average coolant water temperature to 
saturation is quantified as 17192 MWs. 

It can be concluded that the heat required for increasing the average reactor 
coolant temperature is the largest amount. Therefore the model for quantifying 
the heat required for coolant heat up should be carefully reevaluated. The 
reliability of 'measured' temperatures could possibly be improved by applying 
a time averaged value instead of a momentary indication. 

Boiloff period, from saturated RCS to the beginning of core uncovery. 

The Borssele Nuclear Power Plant has no vessel level indication. Without that 
indication no information is available on the mass of water that is left in the 
reactor vessel at any time t after the reactor coolant system becomes saturated. 
Consequently the estimation cannot be updated after primary system saturation. 
The estimated time to core uncovery is simply reduced with sample time 
interval. Therefore die percentage error increases as the absolute enor remains 
constant and the time is progressing. 

The updated model for boiloff is the same as the initial model for boiloff and 
quantified in Appendix C. It contains the following elements: 

a. Heat required for heatup liquid contained in the pressurizer to saturation. 
The amount of heat is quantified as 4232 MWs. 

b. Heat required to evaporate the liquid in the primary system including 
pressurizer. The amount of heat is quantified as 66829 MWs. 

It can be concluded that the heat required for evaporating the liquid is the 
largest amount. The models should be reexamined since at the time of primary 
system saturation, the prediction contains an unacceptable error. 

The large difference is also caused by the decrease of the decay heat with time, 
i.e. the longer time after scram, the relatively longer time required for a certain 
amount of decay heat to be produced, consequently an error in the integrated 
decay heat results in a relatively larger enor in the prediction time, see 
Figure 4-4. At this time, an error of 1 MWs/MW results in an error of about 
100 s. Sensitivity calculations are recommended to further investigate the causes 
of this difference. 

52 1993 October, ECN - TUD 



5. IMPLEMENTATION 

5.1 AIMS Program Flow 

The main program flow of the AIMS processor is shown in Fig. 5-1. Given the 
operating time of the reactor before shutdown, the ATMS program calculates the 
normalized decay heat as a function of time after shutdown. The results are 
tabulated and used for estimating elapsed time for the time to dryout, coolant 
heatup and boiloff. This decay heat is valid for every type of light water reactor. 

Then AIMS reads the plant specific set point file for the reactor under con
sideration, viz. the Borssele nuclear power plant. This data are required for the 
calculating process in the course of the accidents. The simulated ERDS data sets 
are read and processed repeatedly and the results of the calculation are dis
played until the onset of core uncovery as is shown in Figure 5-1. 

Read Input Parameter 

Make Tabulation Decay Heat 

i 
Read Setpoint File 

Read ERDS Data Signal 

Updated Data 

i 
Calculate Energy 
- Steam Generators Dryout 
- Coolant Heatup 
- Boiloff 

! Show Predicted Time 

j Draw Actual Steam Generators Level 

i 

End of Data Yes / No 

End of program 

Figure 5-1. AIMS Program Flow 
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5.2 Steam Water Property Library 

AIMS uses a library of functions for the properties of water ~nd steam in 
Sl-units (except for the use of Bar). The library was originally written in 
FORTRAN by Neratoom bv and translated into C by ECN. The library uses 
equations as prepared by the International Formulation Committee (IFC) which 
are included in [1]. The accuracy is in general within one percent, however 
larger errors may occur at the boundaries of the functions but do not exceed 6.5 
percent, as is discussed in [1]. The used property functions of the library are 
given in Table 5-1. 

Table 5-1. Property Library Functions used in AIMS 

Function 

PSLT(T) 

TSLP(P) 

HPTUP.T) 

HPTD(P,T) 

VPTL(P,T) 

VPTD(P,T) 

Explanation 

Pressure of Saturated Steam 

Temperature of Saturated 
Steam 

Enthalpy of "Water 

Enthalpy of Steam 

Specific Volume Water 

Specific Volume Steam 

Input 

T[°C] 

P[Bar] 

P,T [Bar,°C] 

P,T [Barr°C] 

P,T [Bar,°C] 

P,T [Bar,°CJ 

Output 

Bar 

°C 

J/kg 

J/kg 

J/kg 

m3/kg 

Boundaries 

4 < T < 372 

0 < P < 221.2 

0 < P < 1100 
4 < T < T S „ 

0 < P < 1100 
T M t <T<870 

0<P<1100 
4 < T < T i é l 

0 < P < 1100 
Tf„ < T < 870 

Filename 

Diiectory: a:\ 

Files: 

newinput.dat 
nreactor.dat 
relap5.dat 

f i l e Out 

Diect oiies: 

^Zl 
$***i I 

Figure 5-2. Input Files 
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5.3 Input Files 

AIMS uses four input files and optionally a few user defined data. The required 
input concerns: 

- input parameter file to be modified by user, 
- plant specific setpoint file, 
- simulated data file, and 
- a file with poloygons to draw a plant picture. 

Figure 5-2 gives an example how to retrieve the input files. A user can select 
the desired file with the mouse by pointing and pushing the 'OK' button. 

5.3.1 Input Parameters 

The input parameter file, NEWINPUT.DAT, consists of parameters that are 
plant specific and dependent on the plant operating history. The values of the 
input parameter file can be opened and changed at the windows of the program, 
Figure 5-3. The input parameter file encompass the following parameter: 
- time after shutdown, 
- operating power prior to shutdown, 
- operated time at the given power level prior to shutdown, 
- pump power, and 
- the sampling time interval. 

time after scram 
operation power 
operation time before shutdown 
total pump energy 
sample interval 

Figure 5-3. Input Parameter 

0-0 [seconds] 
1365.0 (MWj 
31.5e6 [seconds] 
0.0 |MWJ 
100.0 [seconds] 

EON-TUD, October 1993 55 



Accident and Incident Management Support (AIMS) 

5.3.2 Plant Specific Setpoint File 

The setpoint file, NREACTOR.DAT, consists of parameters that are plant 
specific, viz. the masses and volumes of the plant components, operating condi
tions, special geometric values and setpoints of relief valves. A part of the 
setpoint file is shown in Windows Figure 5-4. A complete description of the 
setpoint file is given in Appendix D. 

PLANT CONFIGURATIONS 

COOLANT VOLUME VESSEL [m3]: 
14.9 lower plenum 
10.4 core 
5.3 core bypass 
0 x 

6.1 upper plenum above 
1.2 upper plenum below 
0 guide tubes 

10.2 upper head 
1.7 downcomer above reactor inlet/outlet 
7.9 downcomer below reactor inlet/outlet 
0 x 
0 x 

COOLANT VOLUME PIPING |m3J: 
4.9 hot leg 
4.7 cold leg 
5.3 intermediate leg 
2.7 intermediate leg below (50% of intermediate leg) 
1.3 pump 
0 x 

1.1 surge line 
40.7 pressurizer {water +steam) 
26.8 steam generator primary side 
34.0 steam generator secondary side 

0 accumulator 
0 accumulator line ë mmm • • ^ ^ ^ i n 

Figure 5-4. Part of the Plant Setpoint File 
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5.3.3 Simulated Data 

The process data file, RELAP5.DAT, simulates the measured plant process 
parameters during an ongoing incident or accident. This file facilitates testing 
and demonstration of the program for the selected accident sequence, viz. a 
station blackout accident. The selected data are according to the format of the 
Emergency Response Data System (ERDS) woich the USNRC requires. The 
ERDS data are derived from RELAP5 calculations for a station blackout 
situation of the Borssele Nuclear Power Plant, see [16]. Since a pressurized 
water reactor does not have a free water level in the reactor pressure vessel, this 
measurement is optional for this reactor type. This water level has not been 
used because this value was not readily available on the RELAP5 output file 
and the value is op..onal according to the ERDS requirements. 

Table 5-2. Format RELAP5.DAT file 

Time Is] 
1. after accident initiation 

Primary pressure [Pa] 
2. primary pressure 

Temperatures [K] 
3-4. fluid first hot and cold leg 
5-6. fluid second not and cold leg 
7-8. gas first hot and cold leg 
9-10. gas second hot and cold leg 

Water levels [m] 
11-12. both steam generators 

Secondary pressures [Pa] 
13-1-3 secondary pressure 

Unused 
other variables relevant for future extensions 

Figure 5-5 shows parts of the above variables from 0 second to 8 seconds. 

5.3.4 Polygon to Draw Graphics 

To draw a nuclear power plant structure in a separate windows an array of 
points is needed. This array of points is given in an input file, NPP.PIC. This 
file comprises comments, information of colour and coordinate points, which is 
used to draw a particular elements, see Figure 5-6. 
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ID 
.9B99E»39 1.5465E*97 

4.9993E-01 1.5463E+97 
8.8889E-81 1.5478E»87 
1.2999E*03 1.5582E*97 
1.Ó993£*39 1.5536E*87 
2.998§E*98 1.S539E+87 
2.4898E+98 1.5S48E*97 
2.3QQ3E»89 1.f541E*87 
3.2093E+89 1.5519£*87 
3.6§9aE+B9 1.5493E*97 
4.9393E+39 1.54S9E*97 
4.4833E+89 1.5417E*87 
4.888S£*39 1.5372E*97 
5.283S£*83 1.5331£*07 
5.699J?E»03 1.5293E»87 
Ó.899SE+89 1.5258E*87 
ó.4933E*39 1.5231E*87 
6.3083£+g3 1.5217E*87 
7.29S3E+aa 1.5214E+87 
7.69a3E*£9 1.5?15E*B7 
8.939SE*99 1.5214E*97 
a JraaociMi 1 o«ac.i«» 

• I . . * 

a:\cclaL 

5.8B5SE+82 
S.885BE+82 
5.8361E*62 
5.8877E*Q2 
5.8911£*82 
S.S955£*82 
5.8997E+S2 
5.9Q83E+S2 
5.8972E+B2 
5.8917E+B2 
5.BB51E+B2 
5.8782E*82 
5.8712E*82 
S.854SE*82 
5.8596E»82 
5.3518E+32 
S.84S8E*92 
5.8482E+82 
5.B348E+82 
5.8296E+B2 
5.8245E+82 
«: pjin7r»no 

5.dal 

5.6428E+S2 5.8858E+§2 
5.6428E+92 5.8858E+82 
5.6428E+92 5.8361E+82 
5.6429E+82 5.8877E+82 
5.6429E+82 5.8911E+82 
5.6428E+S2 5.8955E+82 
5.6428E+Ü2 5.8997E*02 
5.6*26£+02 5.9982E+82 
5.6&23E+82 5-8971E+B2 
5.6419E+82 5.8917E+82 
5.6*14E+82 5.8859E+02 
5.6^18E+02 5.8789E+82 
5.648ÖE+82 5.8711E+82 
5.6484E+82 S.8643E*e2 
5.6494E+82 5.8S70E+82 
5.648ÓE+82 5.351ÓE+92 
5.6*i11E*82 5.8456E+82 
5.6S18E+02 5.8408E+82 
5.6428E+82 5.834AE+B2 
5.6Ü39E+82 5.8294E+82 
5.6452E+C2 5.8244E+02 
c *iiA7c,v«w c «loxir^no 

• • • •FT^ I 
5.6428E+82 
5.6428E+02 
5.6428E+82 
5.6429E+02 
5.6429E+82 
S.6428E+82 
5.6428E+92 
5.6426E+92 
5.6423E+S2 
5.6419E+82 
5.6414E+82 
5.6418E* 92 
5.6486E+02 
S.6484E+92 
5.6484E+82 
5.6486E+02 
5.6411E+92 
5.6419E+82 
5.6428E+02 
5.6439E+02 
5.6452E+02 
C AJ,«AgT«e*> 

'4 

•Ï i 
~1 

| 

-J 
Ü1 
-J 

Figure 5-5. RELAP5.DAT 

O . n:\npv.fiic 

3.149 *». 081 
3.150 4.119 
3.309 4.100 

I? ' l e f t stean generator 
tt ' color green' 
54 0 258 8 

3.270 9.358 
3.268 9.391 
3.261 9.431 
3.249 9.472 
3.233 9.512 
3.213 9.551 
3.188 9.569 
3.159 9.627 
3.125 9.663 
3.988 9.698 
3.947 9.732 
3.091 9.764 
2.953 9-795 
2.901 9.824 
2.846 9.851 
2.788 9.876 
2.727 9.899 
O AJLfc A t l 4 H 

,!#l-m 

ii 

:<, 

' . • - ; . ' . 

* ' • • * 

1 
Figure 5-6. Content of a part of NPP.PIC file 
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In the above windows is shown information to draw particular elements, in this 
case the left steam generator. A statement after '#' is just a comment without 
any influence to the result of the picture. The following line gives an informa
tion about how many points (54) and the colour of the elements in RGB 
(Red=0, Green=250, Blue=0). In this case the colour is green. Then the points 
which consist of x coordinate and y coordinate (3.270, 9.350). The groups of 
point is connected to draw the left steam generator. Figure 5-7 shows the result 
in picture of nuclear power plant. 

Figure 5-7. Picture of Nuclear Power Plant 
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5.4 Results 

The Results of Windows user interface is shown in Figure 5-8. There are three 
Windows in this example i.e. Run System, Picture and Input file Windows. To 
calculate the first estimation, push the appropriate button in the Run System 
Windows than it shows the result of the calculation. The 'Living' button is to 
calculate the updated estimation. The results is given in that windows and in the 
Picture Windows the actual water level is displayed (The white colour in the 
steam generators). 

File Edit Search Window Picture Run 

INPUT PARAMETER 

0.0 [seconds] 
1365 (1 [MW] 
31.5e6 (seconds) 
U.O (MW| 
100.0 (seconds) 

time alter scram 
operation power 
operation time before shutdown 
total pump energy 
F ample interval 

2DETZ: mmm rtBllM -VrfJiïiTÏf 

n 

Figure 5-8. Windows User Interface 
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6. CONCLUSIONS AND 
RECOMMENDATIONS 

1. The Visual Basic program is suitable for simple graphical applications. 
The program is intended for obtaining results quickly and used mainly for 
business oriented applications. The language is not appropriate for this 
scientific project, because the problem is too complex for the current 
version of the language. 

2. Although C/C++ is difficult to master, the programs is widely used and 
the availability of experience and support makes it easier to master. 
Because of the large number of operators within the program we can do 
a lot with just a small amount of codes. The efficiency, the vast number 
of applications and their extensive possibilities combined with its port
ability between computers, makes it the world's foremost computer 
language. For those reasons we choose to use this language, instead of 
Visual Basic, for this project. 

3. The decay heat depends on the reactor power and the operating time, and 
on the time after shutdown. The normalized decay heat (decay heat 
divided by the reactor power) increases during the operating time cycle. 
But for short periods after shutdown (less than one hour), it is essentially 
independent of the operating time. 

4. The decay heat is caused by radioactive decay of the fission products of 
the uranium-235, uranium-238, plutonium-239 and other fissile isotopes. 
The results show that the value of simplified model is incorrect as 
compared with the decay heat power of the ANSI standard. The ANSI 
standard is the recommended method and the formulae can be calculated 
very fast. 

5. The program provides a good possibility in the demonstrating the 
capabilities of accident management support for operators, technical staff, 
authorities etc. It gives information and a rough estimation about reactor 
conditions. 

6. The assumptions that the primary coolant heatup phase starts when the 
steam generator secondary side is drv and that the coolant boiloff phase 
does not start before the primary system state is saturated, is in close 
agreement with the reality for the considered accident scenario. 

7. To have a more reliable estimation, more measured data of reactor 
conditions are needed, e.g. an indication of the water level in the reactor 
vessel. It is essential for updating the initial prediction of the onset of 
core uncovery to be reliable. The level indications in the steam generators 
are very instrumental in this respect. 

ECN - TUD, October 1993 63 



Accident and Incident Management Support (AIMS) 

8. The initial estimation model is accurate for steam generator dryout and 
heatup of the reactor coolant. For estimation of boiloff it needs further 
investigations. 

9. The updated estimation model for steam generator dryout is not very 
accurate. The most likely cause of the inaccuracy is an overestimation of 
the feedwater inventory based on the measured water level in the 
downcomer. To what extent this measured level is adequately accurate 
requires further investigation. The heatup model is adequately accurate. 
The boiloff model requires water level measurement in the reactor vessel, 
since the current model cannot be updated, see point 7. 

10. The work outlined in the assignment has been successfully completed 
with respect to the decay heat model, the thermohydraulic model for 
steam generator dryout, primary coolant heatup and boiloff. Also the 
visual interface as programmed in Windows with C++ is accomplished. 
Due to the initial effort to use Visual Basic for AIMS, valuable time has 
been lost. Therefore the tasks that remain to be done are included in the 
recommendations. 

Recommendations for further program development are as follows: 

1. Future efforts should be focused on implementing thermohydraulic 
models for steam, water and two-phase flow discharge through breaks or 
ruptures and for considering auxiliary feedwater supply, Emergency Core 
Cooling and Primary system depressurizations. Using realistic and conser
vative predictions could be advantageous for operators in planning their 
emergency responses. 

2. User needs should be considered carefully for further improvement of the 
user interface windows. 

3. A future version of AIMS could interface wiüi accident management pro
cedures which make those procedures easier to retrieve and could make 
diem possibly more consistent since the implementation on a computer 
might lead to detection of inconsistencies. 

4. AIMS must be thoroughly tested and the use of a PWR simulator can be 
advantageous in this respect. 
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Appendix A 
Accident Monitoring Functions 

A.l Introduction 

This appendix summarizes the requirements for instrumentation for light-water-
cooled nuclear power plants as described in the American regulations. These 
requirements facilitates the operator to assess plant and environs conditions 
during and following an accident. These requirements are given in Appendix A 
of 10CFR50: General Design Criteria for Nuclear Power Plants [11], in 
Criterion 13 Instrumentation and Control, Criterion 19 Control Room, and 
Criterion 64 Monitoring Radioactivity Releases. Regulatory Guide 1.97 
describes a method acceptable to the USNRC for complying with these general 
design criteria [12]. The American industry standard ANSI/ANS-4.5-1980 [13] 
is also referenced by the Regulatory Guide and used for this overview. 

A.2 General Design Criteria 

The relevant General Design Criteria of appendix A of 10CFR50 are summar
ized below. 

Criterion 13 Instrumentation and Control requires instrumentation for monitor
ing variables and systems over their anticipated ranges for normal operation and 
accident conditions to ensure adequate safety. 

Criterion 19 Control Room requires that a control room is provided from which 
actions can be taken to operate the plant safely under normal conditions and to 
maintain it in a safe condition under accident conditions, including Ioss-of-
coolant accidents. It also requires appropriate locations outside the control room 
for (1) achieving prompt hot shutdown of the reactor, including necessary 
instrumentation and controls to maintain the unit in a safe condition during hot 
shutdown, and (2) bringing the reactor subsequently in a cold shutdown by 
using suitable procedures. 

Criterion 64 Monitoring Radioactivity Releases requires that monitoring equip
ment is provided for the reactor containment atmosphere, spaces for 
recirculation loss-of-coolant accident fluid, effluent discharge paths, and the 
plant environs for radioactivity that may be released from postulated accidents. 
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A.3 Basis for Accident Monitoring Functions 

Indications of plant variables are required by the control room operating person
nel during accident situations to: 
1. prepare and execute manual actions to accomplish safe plant shutdown, 
2. determine whether the essential safety systems perform their safety functions 

(i.e. reactivity control, core cooling, reactor system and containment integ
rity) as required, and 

3. enable the operator to assess potential or actual breaches of barriers (i.e. fuel 
cladding, reactor coolant pressure boundary, and containment). 

In addition indications of plant variables are required to: 
4. provide information on the operation of plant systems in order to possibly 

use those system in the course of the accident management, and 
5. provide information regarding the release of radioactive material to possibly 

initiate actions to protect the public. 

Pre-planned operator actions are derived with plant safety analyses for adequate
ly responding to design basis events. Accident monitoring instrumentation is 
particularly necessary for unplanned situations. This is to ensure that the 
operator has sufficient information to monitor the course of an event, that 
should plant conditions evolve differently than predicted by die safety analysis. 
Instrumentation is also needed to indicate to the operator mat the integrity of in-
core fuel clad, the reactor coolant system pressure boundary, or the primary 
reactor containment has degraded beyond prescribed limits. 

The ranges of the instruments should be chosen such that also in degraded 
accident conditions (i.e. conditions beyond those caused by design basis acci
dent) the operator will still be adequately informed of die plant conditions. For 
example a range for the containment pressure monitor extending the burst 
pressure of the containment in order that the operator will not be uninformed as 
to the pressure inside the containment. 

The Regulatory Guide 1.97 and the ANSI/ANS-4.5 classify the relevant instru
mentation and define the instrument qualification for the classes. The minimal 
set of variables to be monitored during and following an accident by the control 
room operating personnel will be used to perform their role in the emergency 
plan. After the emergency response facilities are staffed, the personnel of those 
facilities will relief the plant operating personnel from tasks not directly related 
to establishing a safe plant condition. Examples of the tasks to be carried out by 
die emergency response facilities relate to the communication with the regula
tory body, me press, and local and national authorities, and declaring various 
emergency levels. The given requirements are not necessarily applicable to 
instrumentation systems for supporting the operator by enhancing information 
preservation for me identification or diagnosis of disturbances. 
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A.4 TMI-Related Instrumentation Requirements 

The initiating events and the inadequate accident management of TMI have led 
to additional regulations regarding the instrumentation, The safety systems and 
the hydrogen treatment. 

During the course of the TMI accidents the following instrumentation related 
events occurred: 
- the position indicator of the power operated relief valve was derived from its 

motive of power and not from the valve position which caused the operators 
to conclude incorrectly that the value was closed. 

- the saturation of the reactor coolant system was left unnoticed for a pro
longed period of time despite appropriate indications, the operator conclude 
from a high pressurizer level indicators that the system was filled with water 
while large steam bubbles existed. 

- the containment was not isolated for a period of time which cause release of 
radioactive fission product by degassing primary coolant in an auxiliary 
building. The setpoints for automatic isolation were too high. 

- the radiation monitors in the containment were off-scale high after the initial 
phase of the accident. 

- both the isolation values of the auxiliary feedwater system (AFWS) were 
closed due to maintenance actions which prevented the operation feedwater 
pumps from discharging feedwater to the steam generators. 

The additional regulations regarding instrumentations which have to be provided 
in the reactor plant especially in the control room: 
- Provide simulator capability that correctly models the control room and 

includes the capability to simulate small-break LOCA's. 
- provide a control room design that reflects state-of-the-art human factor 

principles prior to committing to fabrication or revision of fabricated control 
room panels and layout. 

- provide a plant safety parameter display console that will display to oper
ators a minimum set of parameters defining the safety status of the plant, 
capable of displaying a full range of important plant parameters and data 
trends on demand, and capable of indicating when process limits are being 
approached or exceeded. 

- provide for automatic indication of the bypassed and operable status of the 
systems. 

- provide direct indication of relief and safety valve position (open or closed) 
in the control room 

- provide automatic and manual auxiliary feedwater system (AFWS) initiation, 
and AFWS flow indication in the control room 

- provide containment isolation systems 
- include automatic closing on high radiation signal for all systems that pro

vide a path to the environs 
- provide instruments that provide in the control room an unambiguous indica

tion of inadequate core cooling, such as primary coolant saturation meters in 
PWR's, and a suitable combination of signals from indicators of coolant 
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level in the reactor vessel and in-core thermocouples in PWR's and BWR's. 
- provide power supplies for pressurizer relief valves, block valves, and level 

indicators. 
- provide the capability to record reactor vessel water level in one location on 

recorders that meet normal post-accident recording requirements. 
- provide for monitoring of inplant radiation and airborne radioactivity as 

appropriate for a broad range of accident conditions. 

A.5 Emergency Response Data System 

In October 1990, the USNRC has included the ERDS in its rule under 
10CFR50.72 and appendix E, see [11]. The ERDS will supplement the voice 
transmission over the currently installed Emergency Notification System. 

The ERDS will substantially improve ihe NRC's ability to acquire accurate and 
timely data on plant conditions during emergencies. The NRC's role in the 
event of an emergency is primarily to monitor the licensee to ensure that 
appropriate recommendations are made with respect to off-site protective 
actions. Other aspects of the NRC's role include providing technical analysis, 
logistic support, supporting off-site authorities, keeping other Federal agencies 
and entities informed on the status of the incident, informing the media and 
other public affairs groups. Four types of key information is selected for the 
ERDS, viz: 

1. Core and coolant system conditions, needed to assess the extent and 
likelihood of core damage; 

2. Conditions inside the containment building, needed to assess the likelihood 
and consequences of its failure; 

3. Radioactivity release rates, needed to assess the immediacy and degree of 
public danger; and 

4. Data from the plant's meteorological tower, needed to assess the likely 
patterns of potential or actual impact on the public. 
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Appendix B 
Derivation of Plant Specific Data 

B.l Effective Area of Steam Generator 

The instrument reading for the water inventory of the secondary side of the 
steam generator concerns the water level. This water level has to be calculated 
with an effective cross sectional area of the steam generator. This effective cross 
sectional area of one steam generator is calculated below. 

Data for steam generators of the KCB are taken from PWR Plant and Steam 
Generator Dynamics[10]. 

Table B-l. Dimensions for Effective Cross Section Steam Generators 

Description 

Inner vessel diameter 

Number of U-tubes 

Outer tube diameter 

Shroud area 

Pipe support 
structures area 

Central area 

Symbol 

Nt 

d0 

\ 

\ 

Ac 

Dimension 

[m] 

-

[m] 

[m2] 

[m2] 

[m2] 

value 

3.326 (bottom) 
- 4.046 (top) 

4234 

0.022 

0.14 

0.16 

0.44 

The total area of the U-tubes is yield from the expression: 

= 1.6095 m2 

The total area of the tubes, A,ubes, has to be multiplied by two since the tubes 
are U-shape. 

The expression for the steam generator cross sectional area (D4 = 3.326 m) is: 

4 
= 8.6883 m2 

tg A * 
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The effective area of steam generator is calculated by subtracting the area of 
bundles of U-tubes, the area of the shroud, the area of the pipe supporting 
structures, and the central area which do not contain tubes from the steam 
generator. 

A*ff ~ A*~ ~ " At»l*s~ As~ Ap~ Ac 

= 4.73 m2 

Although the central area does contain tëedwater that can be evaporated, in the 
RELAP5 model this volume has not been considered. Therefore in order to use 
the same boundary conditions as RELAP5 this central area will not be 
considered and the area of 4.73 m2 is used in AIMS. 
A realistic estimate of the effective cross-sectional area of a steam generator is: 

Aeff = \ ~ 2 * Aaibts~ A$~ Ap 

= 5.17 m2 
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Appendix C 
Model Calculations 

C . l General 

This appendix provides an initial calculation for estimating the elapsed follow
ing shutdown for the core. The calculation divides the process into three 
periods: 
1. dry out of the steam generators, where the steam generator secondary side 

becomes dry, 
2. heatup of the reactor coolant, a period where the coolant heats up to a 

temperature equivalent to the saturation temperature of the safety/relief valve 
pressure, and 

3. boiloffofthe reactor coolant, a period where the coolant boils off. 

The calculation is applied for Borssele Nuclear Power Plant The supporting 
design and calculational data for this nuclear plant is obtained from the input 
file Configuration Plant, see appendix D. The plant has operated for a large 
number of years. During a station blackout accident, energy from recirculation 
pump will be zero because these pumps require AC power. 

C.2 Dryout of Steam Generators 

The initial conditions of the steam generators are: 
- Steam generator level: 5.9 m 
- The effective area: 4.73 m2 

- The specific density of the saturated water (5.88 MPa, 274.2 °C): 
760.6 kg/ra3 

The total water mass of two steam generators is found from Equation (4-11) 

mu = 2 - 5.9 • 4.73 • 760.6 
= 42451.1 kg 

The time for secondary side of the steam generator to dryout is found as fol
lows. The integrated decay heat energy needed to evaporate the mass of liquid 
found from Equations (4-10) is 

/<7<«# = 42451.1 kg • 1.579-106 J/kg (at 5.88 MPa) 
o 

= 67044 MW* 

The time necessary for the core to generate the energy is found from 
Figure 4-4. The integrated energy per MW initial power is needed and is found 
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from 
67044 MW-s / 1365 M W ^ = 49.12 MW-s/MW 

In Figure 4-4 it can be seen that the steam generators will dryout at 2794 s. 

C.3 Heatup of Reactor Coolant 

After the steam generators boil dry on the secondary side, the primary fluid and 
system structural mass is assumed to heat iv from the initial average primary 
system temperature (303 °C) to a temperature corresponding to a pressure of 
16.4 M?a at which time the safety/relief valves maintain pressure at 16.4 MPa 
until sufficient coolant leaves the primary system. 

The integrated decay heat energy necessary to raise system temperature during 
the heatup period is found from Equations (4-18) as applied below. 

The primary system metal mass of structural components (mm) consists of the 
listed components and associated mass: 

Primary system components 

Core cladding 
Core barrel 
Remaining vessel internals 
Hot, intermediate, cold leg pipings 
Pump 
Steam generator tubes, tube plate, channel head 

Total 

Mass 

[kg] 

11 000 
70 000 
14 500 
2 * 22 700 
2 * 7 6 000 
2*75 000 

442 900 

The vessel wall, steam generator shell, pressurizer, surge line, and accumulator 
lines are excluded in the total mass. The mass of fuel U02, nif, is 43 000 kg. 

The coolant mass that is heated, V, is taken as sum of the liquid in the primary 
system excluding liquid contained in the pressurizer, surge line, and accumulator 
lines: 

Primary system 

Vessel total 
Piping total 
Steam generator primary side 

Total volume 

Volume 
[m3] 

63.7 
2 * 16.2 
2*26.8 

149.7 
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The initial deusity, pj, is 720.38 kg/m3 (taken at the initial average temperature 
of 303 °C). 
The final density is that of saturated liquid at 16.4 MPa, p2 = 577.04 kg/m3. 
The enthalpy of statepoint 1 and statepoint 2 are respectively: 

h, = 1.354- 106J/kg, and 
h2 = 1.666-106 J/kg. 

The mass pushed out of the primary system components specified by thennal 
expansion is: 

AM = V • ( p r p 2 ) = 149.7 m3 • (720.38-577.04) kg/m3 = 21957.3 kg 

The mass remaining in tiie loop compc ïents is 

Mn = v ' P2 = 1 4 9 J m 3 ' 5 7 7 0 4 ^ / m 3 = 86383.2 kg 

Substituting into Equation (4-18), the energy needed to heat the system uni
formly from 303 °C to 349 °C is then 

h 

fq^dt = 442900 kg r ' • 460 Jlkg°C steel • (349-303)°C 
'i 

- 43000 Jiff U02 • 234 J/kg°C U02 • (593-349)"C 

+ 21957.3 kg H20 • tl**&-l***h Jlkg 

* 86383.2 kg H20 • (1.66610<-1.354106) Jlkg 
= 37 295 MW-s 

Dividing by the steady state operating power of 1365 MW so the Figure 4-4 
can be used, the number for figure usage equals 27.32 MW-s/MW, 

C.4 Boiloff of Reactor Coolant 

The energy required to boil off sufficient liquid to uncover the core is deter
mined in a similar manner using Equation (4-28). The vapour first produced 
collects in the system and displaces additional liquid from the primary system. 
During the boiloff process, the hot legs, the upper plenum below the hot leg 
centerline, and the core are voided to a value of 0.2. The upper head and upper 
plenum above the hot leg centerline aie completely voided. 
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The voided volume (Vv) in m3 is the volume of the following components: 

Displaced volume 

Upper head 
Upper plenum above hot leg centerline 
Upper plenum below hot leg centerline 
Core 
Hot legs 

Total volume of liquid displaced 

Volume 
[m3] 

10.2 
6.1 
(0.2H7.2) 
(0.2H10.4) 
2 * (0.2H4.9) 

21.78 

= 1.44 
= 2.08 
= 1.96 

The volume in the pressurizer and surge line is V_ s = 41.8 m3. 
As the surge line and pressurizer are completely above the hot leg connection, 
Vph is zero. 

The liquid volume remaining in the system, below top of the core and 
downcomer inlet, following core uncovery is as follows: 

Liquid volume remaining in system Volume 
[m3] 

Core (0.8)<10.4) = 8.32 
Core bypass 5.3 
Downcomer below inlet 7.9 
Intermediate piping leg below downcomer inlet 2 * 2.7 = 5.4 
Lower plenum 14.9 

Total volume Vr 41.82 

The volume of liquid to be boiled off is 

= 149/ 
= 127.9 m3 

V ~ K + Vp+s - Vph ~ Vr = 1 4 9 7 " 21-78 + 41-8 " °-° ' 4 1 8 2 

The energy needed to evaporate the liquid mass plus heat the liquid contained 
in the pressurizer and surge line to saturated conditions from Equation (4-28) is 

\qji = 127.9 m3 • 588.04 kg/m3 • 905496 Jfkg 

3 . 1.666 10* - 1.354 106 

+ 41.8 > 648.71 kglm3 • ±^^H t^Z-^i. j/kg 

= 71061 MWs 

Converting to the energy per initial MW of operating power for use in 
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Figure 4-4, gives 71 061 MW-s/1365 MW initial = 52.06 MW-s/MW. 

The total energy needed to this point in time is 

'i h h 

l^dt + fq^dt + fqdhdt = 49.12 + 27.32 + 52.06 
0 ' l «2 

= 128.50 MWslMW 

which yields a time of about 10 843 s. 

C.5 Heatup at t=3600 s 

Heat required for heatup of the reactor coolant structures temperature (323 °C) 
to saturation temperature corresponding to the safety /relief valve set (349 °C): 

h 

ƒ <ldhdt = 442900 kg steel • 460 JlkgcC steel • (349-323/C 
3600 

= 5 454 MWs 

The amount of absorbed heat by liquid pushed out primary loop system at this 
time (with enthalpy of h2= 1467-106 J/kg) is: 

ƒ « , * . 14782.6 * Hfi • ****** -H*1** J/kg 
3600 

= 1 471 MWs 

Heat required for heatup of the average coolant temperature to saturation 
temperature is: 

h 

fq^dt = 86383.2 kg H20 • (1.666-106-1.461-ICf) J/kg 
'i 

= 17 192 MW-s 
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Appendix D 
Plant Specific Setpoint File 

Table D-l. Volumes in m 

Components 

lower plenum 
core 
core bypass 
upper plenum above 
upper plenum below 
guide tubes 
upper bead 
downcomer above reactor inlet / outlet 
downcomer below reactor inlet / outlet 
hot leg 
cold leg 
intermediate leg 
intermediate leg below (50% of intermediate leg) 
pump 
surge line 
pressurizer (water +steam) 
steam generator primary side 
steam generator secondary side 
accumulator 
accumulator line 

Table D-2. Masses in kg 

Components 

vessel shell 
vessel head 
vessel studs, nuts, washers 
core cladding 
core U02 
core barrel 
lower plenum internals 
core baffle assembly 
control rods 
upper plenum internals 
upper head internals 
downcomer neutron plate assembly 
hot leg 
intermediate leg 
cold leg 
surge line 
pressurizer 
pump casing 
steam generator total 
steam generator lower shell 
steam generator tubes 
steam generator tubeplate 
steam generator channel head 

Value 

14.9 
10.4 
5.3 
6.1 
7.2 

0 
10.2 
1.7 
7.9 
4.9 
4.7 
5.3 
2.7 
1.3 
1.1 

40.7 
26.8 
28.0 

0 
0 

Value 

300 000 
75 000 
17 000 
11000 
43 000 
70 000 
2 500 

0 
0 

12 000 
0 
0 

6 100 
10 500 
6 100 
6 700 

63 000 
76 000 

0 
0 

32 000 
43 000 

0 
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Table D-3. Miscellaneous 

Description 

number of loops 
nominal power 
cp steel 
cpU02 

average setpoint primary safety valves 
effective steam generator area 

Dimension 

H 
[MW] 

IMcgK] 
[J/kgK] 
[Bar]" 
[m2] 

Value 

2 
1365.6 

460 
234 

164.0 
4.73 

process conditions at nominal condition 

steam generator level 
average fuel temperature 
average primary temperature 
average primary pressure 
pressure secondary side 

[m] 
[°C] 
[°C] 
[Bar] 
[Bar] 

5.9 
593 
303 
155 

58.8 

1) The unit [Bar] remains to be converted to [MPa] 
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