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List of used abbreviations 
 
TACIS - Technical Assistance to the CIS 
CIS - Commonwealth of Independent states 
LOCA - Loss of Coolant Accidents 
ATWS - Anticipated Transients Without Scram 
NPP - Nuclear Power Plant 
DBA - Design Basis Accidents 
BDBA - Beyond Design Basis Accidents 
EDO - Experimental and Design Organization 
DNB - Departure from Nucleate Boiling 
DNBR - Departure from Nucleate Boiling Ratio 
AC - Alternating Current 
RPV - Reactor pressure vessel  
MS - Main Steam 
RRC - Russian Research Center 
SIP - Safety Injection Pumps 
HPSIS - High Pressure Safety Injection System 
MSIV - Main Steam Isolation Value 
MSH - Main Steam Header 
MSL - Main Steam Line 
WWER - Water-Water Energy Reactor 
KI - Kurchatov Institute 
GP - Gidropress 
SI - Siemens 
PC - Personal Computer 
EPC - Emergency Power Case 
SG - Steam Generator 
RCP - Reactor Coolant Pump 
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1. Objectives of the Project 
 
The main objective of the EC-TACIS-91 programme is to assist the Commonwealth 
of Independent States (CIS) with improving the safety of WWER-440/V179 
(Novovoronezh, Unit 3&4) and V230 (Kola, Unit 1&2) reactors, which have been 
commissioned between 1972 and 1975. 
 
The specific goal of the project "Accident Analysis" within the TACIS-91 program is 
to review and - as far as identified to be necessary - to extend the accident analyses for 
the a.m. WWER reactor types, with the objective to provide a systematic and 
consistent "state of the art" safety analysis, in accordance to western practice.  The 
accident analysis have been utilized to assess actual safety margins of the existing 
plants and the degree of safety improvement by for this project relevant upgrade 
measures. 
The three leading European companies in the field of nuclear energy, Electricite' de 
France, Framatome S.A. and Siemens AG (hereinafter referred to as the Consultant) 
combine their know-how, their experience and their resources to achieve the best 
result in the technical assistance to the CIS-countries in the frame of the TACIS-91 
Project 1.3 "Accident Analysis". 
The accident analyses have been performed in close co-operation with the CIS 
partners RRC Kurchatov Institute/Moscow and EDO Gidropress/Podolsk. The 
analysis methodology and main results from the different tasks have been presented to 
and discussed with the regulatory body Gosatomnadzor. NPP Kola and NPP 
Novovoronezh have been comprised into the project by the CIS partners. 
 
A joint working group was established to coordinate as a whole and to perform some 
technical tasks of the project. 
The group has consisted of 8 specialists Mr. V.Voznesenskiy and Mr. E.Tsygankov 
from Kurchatov Institute, N.Fil and V.Nechetni from Gidropress, Mr.Klein, Mrs. 
M.Protze from Siemens, Mr. Gallori, from Framatom and Mr. Bassols from EDF. 
 
The project was partitioned into 3 phases, namely into the: 
 Pre-Phase, 
 Conceptual-Phase, and 
 Confirmation-Phase. 
 
The purpose of the different phases were: 
 
Pre-Phase: 
 
 - Determination of computer codes to be used and clarification of possibility 
of transfer, 
 - Conclusion of Intellectual and Industrial Property Agreement between 
Russian counterpart and Consultant, 
 - Clarification of the Russian access to the proposed Western computer codes 
(possible restrictions), 
 - Determination of the configuration of workstations to be used (including 
hardware and software for pre- and post processing), 
  Exec. Sum.  R1.3-91-Rev. 7.2.2002-Eng 
  Page 4 of 42 
 



 - Training of Russian experts on workstations and on the application of 
computer codes, 
 - Definition of safety rules to be applied, 
 - Detailed listing of cases to be analyzed, based on western licensing 
requirements, performed by the Consultant, 
 - Specification of the plant data needed, 
 - Obtaining of documentation from Russian experts, 
 - Preparation of input data sets, 
 - Recalculation of a LOCA accident with the selected computer programme 
for the purpose of comparison with existing calculations, 
 - Set-up of time and work schedule for the next phase, 
 - Completion of summary report in both English and Russian. 
 
Conceptual-Phase: 
 
 - Identification of present safety margins for the design basis accidents, 
 - Adaptation and verification of the Western computer codes to model WWER 
type reactor, 
 - Start of the performance of selected calculations for LOCA and confinement 
thermal hydraulics analyses in order to determine the extended maximum break sizes 
(DBA) for the proposed improved safety systems, 
 - Determination of and agreement on the number of calculations by the 
working group, 
 - Discussion and confirmation of foreseen safety improvements measures, 
 - Set-up of time and work schedule for the next phase including a detailed list 
of initiating events to be analyzed during Confirmation-Phase, 
 - Summary report in both English and Russian. 
 
Confirmation-Phase 
 
 - Performance of analyses suited as a basis for a licensing procedure, 
 - Review and assessment of the results, 
 - Preparation of summary report related to safety analyses in both English and 
Russian. This report should also include parameter studies and analyses carried out for 
reasons of comparison with former results, 
 - Final Summary report in both English and Russian. 
 
The all three phases duration have consisted near 30 month (09.07.93-23.12.95) 
 
In accordance with Term of Reverence [2] the large scope of work was performed by 
Russian partners Kurchatov Institute and Gidropress. This work have included: 
 - Provision of the relevant design documentation (plant data, existing analyses, 
safety reports etc.); 
 - Translation of the main documents in English; 
 - Preparation of the design data base (the agreed scope)); 
 - Making the design data base available to the Consultant; 
 - Preparation of Engineering Data Handbooks for Novovoronezh and Kola 
NPPs; 
 - Preparation of input data sets for the computer codes; 
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 - Performance of the accident analyses utilizing western and Russian computer 
codes; 
 - Presentation to and discussion with the Russian regulatory body 
(Gosatomenergonadsor) concerning the methodology and the results; 
 - Production of reports with the results of safety analyses, performed Russian 
specialists; 
 - Preparation of Russians version of Project Summary Report. 
 
In the following the main work having been done and main results from the accident 
analyses being performed in the frame of the project are described. For detailed 
descriptions see the relevant calculational results reports referred to in this report. 

2. Basis Work 
 
The work progress has been reported in the Project Quarterly Reports № 1 to № 8 
[3÷10] as well as in the Pre-Phase [11], the Conceptual-Phase [12] and Confirmation-
Phase [13] Summary Reports. 

2.1. Know How Transfer to the CIS Partners 
Transfer of the Western technology and experience in accident analysis to the 
assigned Russian design and scientific organizations EDO Gidropress (GP) and RRC 
Kurchatov Institute (KI) was defined by Terms of Reference (TOR) as one of the 
most important task of the Project 1.3. The parts of this "Know-How" transfer are as 
follows: 
 (1) Transmission of the Western safety analysis approach and computer codes, 
initial instruction of and subsequent consultancy for the Russian users. 
 
 (2) Delivery of HP-700 work stations, PCs and office equipment to EDO GP 
and RRC KI to assure the successful implementation and effective usage of the 
Western accident analysis technology. 

2.1.1. Equipment Deliveries 
Workstations, PC equipment and office equipment has been provided to the Russian 
partners EDO Gidropress and RRC Kurchatov Institute to assure the successful 
implementation and effective usage of the Western accident analysis technology. 

2.1.2. Software Deliveries 
In accordance with TOR [2] and working methodology [1] should be transferred to 
Russian organizations the following codes: 
 - CATHARE 
 - RELAP5/MOD2.5 
 - HEXTIME/COBRA 
 - WAVCO. 
 
Annex 1 contain the short description of this codes. 
During Pre-Phase eight Russian experts from EDO Gidropress and RRC Kurchatov 
Institute have studied the computer codes which are to be handed over to the Russian 
partners and utilized in the course of the project, to perform the accident analyses in 
the frame of the project. 
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The following status of code transfer to EDO Gidropress and RRC Kurchatov 
Institute took place on the Project termination. 
 
RELAP5/MOD2.5 
The code has been successfully installed at EDO Gidropress and RRC Kurchatov 
Institute. The code is fully operational. In addition the code for RELAP5/MOD2.5 
post-processing was received from Siemens/KWU. 
 
CATHARE 
The code has been successfully installed at EDO Gidropress and RSC Kurchatov 
Institute. The code is filly operational. In addition the code for CATHARE post-
processing was received from Framatome. 
 
Before transferring of the remaining Siemens/KWU codes: 
 
HEXTIME/COBRA and 
WAVCO 
to the Russian partners can take place, a common understanding between the Russian 
and the western side is necessary, regarding a reasonable solution of the Nuclear 
Liability Indemnity of western partners, as well as the future utilization rights of these 
codes (outside of the TACIS project). 
 
WAVCO 
During the 1st and 2nd  WAVCO expert meetings in Erlangen calculations were 
performed by Russian experts from EDO Gidropress/Podolsk (GP) and RRC 
Kurchatov Institute/Moscow (KI) at the Siemens/KWU offices. Conceptual-and 
Confirmation-Phase analyses were performed under supervision of Siemens/KWU 
experts. 
 
HEXTIME/COBRA 
During the 1st HEXTIME expert meeting in Erlangen calculations were performed by 
Russian experts from KI at the Siemens/KWU offices. Conceptual-and Confirmation-
Phase analyses were performed under supervision of Siemens/KWU experts. 
 
The goal of the above mentioned "Know How" transfer is to enable RRC KI and EDO 
GP (the leading Russian organizations in the area of WWER designing and safety 
assessment) to perform high standard accident analyses for the operating and future 
nuclear power plants. This will facilitate to better understanding of the actual safety 
level of the Russian NPPs and to designing of the WWERs in accordance with the 
internationally accepted approaches. It is clear that the both parts "know-how" create 
the unified and indivisible tool for the fulfillment of this goal; so, after the Project 1.3 
completion the computer codes and equipment would remain in the disposal of RRC 
KI and EDO GP. 

2.1.3. Further Usage of the Technology Transferred 
In spite of the above problems with HEXTIME/COBRA and WAVCO codes, one can 
note as a whole that EDO Gidropress and RRC Kurchatov Institute have received the 
important part of the modern Western accident analysis technology (soft-and 
hardware) to apply it for the safety assessment of existing and new NPPs. For 
CATHARE this is defined in the existing license agreement. 
  Exec. Sum.  R1.3-91-Rev. 7.2.2002-Eng 
  Page 7 of 42 
 



2.2. Set-up of Working Methodology 
The acceptance criteria and basic assumptions for analyses have been mutually agreed 
upon. They are compiled in the  Report [14]. 

2.3. Preparation of Data Base 
The document "Design Review for WWER-440/V230" which was presented earlier to 
the IAEA in the frame of preparation of the IAEA missions to NPP Kola and NPP 
Novovoronezh has been accepted as the generic data base for the accident analyses to 
be performed in the project. Using this document, the plant specific Engineering Data 
Handbooks (EDH) have been compiled by the Russian partners taking into account 
the comments given by the Western experts. 
 
The EDHs have been used when preparing code-specific input data sets and have been 
updated time by time with respect to error corrections and insertion of additional 
information received from the NPPs. 

2.4. Preparation of Input Data Sets 
Basic input data sets for CATHARE, RELAP5, WAVCO and HEXTIME/COBRA 
have been prepared on the basis of the EDHs and mutually agreed on between 
Russian and Western experts. These input data sets were successfully run on 
workstations located at EDO Cidropress/Podolsk, RRC Kurchatov Institute/Moscow, 
Framatome/Paris and Siemens/Erlangen, resp. Offenbach. 

2.5. Review of existing Analyses 
In accordance with term of Reference [2] to avoid possible double work, and to save 
budget the results of the accident analyses, performed in the frame of the PHARE 6 
Months program-should have been taken into account for this project. Unfortunately it 
was not possible to get access to the results. Therefore, it was decided by the Joint 
Working Group during the Meeting No. 2-3 at Paris, 27.02 - 03.03.1995 not to take 
into account these results (see also Project Quarterly Report No. 5[7]). 

2.6. Interfaces With Other TACIS Projects 
Available data on Mass and Energy Release for different break sizes have been 
transmitted to TACIS 91, Project 1.13: Containment. The data have been discussed 
with AtomEnergoProekt at Moscow. 

2.7. General assumptions and Events selected for the Plant Safety 
Assessment 
First of all the main initial and boundary conditions for the accident analyses were 
established and agreed upon by all parties. Afterwards a list of the accident analyses 
to be performed during the Conceptual-and Confirmation-Phases was established. 
This list was set-up to assure the performance of those accident analyses, which have 
a main influence on the plant behaviour and which cover the remaining initiating 
events. Furthermore for quality assurance the Western methodology was explained to 
the Russian institutes. On the other hand the Russian institutes presented their 
methodology of quality assurance to the Western partners. 
 
In the frame of the Pre-Phase have been performed and commonly agreed upon within 
the Joint Working Group the following reports: 
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- Definition of Safety-and Acceptance-Criteria to be applied, and Assumptions 
for Analyses TACIS 91-1.3/SIE-FRA/RP.001, Issue 1,01.06.94 [14] 

- Event Sequences to be Assessed: List of Initiating Events TACIS 91- 
1.3/SIE-FRA/RP.002, Issue 1,30.06.94 [15] 

- List of Initiating Events: Categorization as Transient or Accident (Incident) 
and Main Initial and Boundary Conditions TACIS 91-1.3/SIE-
MONT/RP.001, Issue 1,08.02.95. [16] 

The reports have been presented to and discussed with the Russian authority board 
Gosatomnadzor. 
 
On the basis of these reports the final event sequences (including initiating event, 
initial and boundary conditions, system operability etc.), have been established case 
by case together by Russian and western experts. The analyses were distributed for 
execution between Framatome, Siemens/KWU, RRC KI and EDO GP taking into 
account the necessity to calculate some events using different codes and being 
performed by different users. 

3. Definition of Safety and Acceptance - Criteria to be applied,  
   Assumption for Analyses and List of Initiating Events 
 
It was decided, that safety criteria and the acceptance criteria, according to Western 
practice would  be applied in the frame of this TACIS Project 1.3 for the safety 
evaluation of results from accident analyses  
But in Western countries exist also some differences in the criteria formulation. 
According to task-sharing between Siemens and Framatome (Siemens is responsible 
for the Non-LOCA field, and Framatome for the LOCA field), it has been commonly 
agreed upon between all project partners, that as acceptance criteria: 
 - the German approach will be utilized within the Non-LOCA  analyses, and 
 - French approach will be utilized within the Non-LOCA  analyses. 

3.1. Main Safety Requirements 
It was accepted that the safety is provided during specified operation as well as under 
incident conditions if the following requirements are performed: 
 - the reactor plant can be safety shut down and be maintained at safe shut 
down conditions, 
 - the residual heat can be removed from the core, and 
 - measures are foreseen to minimize the potential for the release of radioactive 
materials and to ensure, that any radiation exposures of plant personnel and of the 
environment will be held below prescribed limits. 

3.2. Relevant Event Categories 
The event sequences are subdivided into the following categories: 
 
Specified Operation (Authorized Operation) 

Specified Operation is subdivided into Normal Operation, Abnormal operation and 
Maintenance Procedures. 
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I. Normal Operation (Class A) 

Operating processes or transients for which the plant  is intended and suited, provided 
the functions of all systems are available (fault free condition). 
 
II. Abnormal Operation (Class B) 

Operating processes or transients, which occur in case of plant component or system 
malfunction (fault condition), provided that safety related reasons do not oppose the 
continuation of the operation (upset conditions). 
 
III. Maintenance Procedures 

Inspection, servicing and repair. 

Incidents 

An incident is an event sequence, leading to the consequence that, in case of its 
occurrence, the specified operation of the plant, or authorized manual activities, 
cannot be continued for safety reasons. However, it is taken into account within the 
plant design, or regarding activities, for which protective measures are foreseen. 
Incidents are subdivided into Emergency Conditions and Faulted Conditions. 
 
I. Emergency Conditions (Class C) 

 Emergency Conditions are incidents, having a very low probability of occurrence. 
 
II. Faulted Conditions (Class D) 

Faulted Conditions are incidents, having an extremely low probability of occurrence, 
or which are postulated load cases. 

3.3. Acceptance criteria 
In order to quantify the safety design requirements. Acceptance Criteria were 
introduced. In the Non-LOCA frame the German approach for Acceptance Criteria 
and in the LOCA frame the French approach for Acceptance Criteria has been applied 
(see Table 1). 

3.4. Main assumptions for analyses 
Initial Conditions 

The following initial conditions were considered. 
For power:   Full load, part load, zero load 
For core conditions:   Begin of cycle, end of cycle. 
 
From the above mentioned conditions the most conservative one with regard to power 
conditions as well as to core conditions have to be taken into account for the analyses. 
 
The target grace period for necessary operator actions shall be 30 min after first safety 
grade alarm or actuation signal (e.g. reactor trip). 
 
Boundary Conditions 

It is specified best estimate and conservative assumptions. 
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Table 1. Acceptance Criteria to Different Event Classes 
 

Event Classification Acceptance Criteria 
Event

Classes 
Conditions 
(Classes) 

Probability to violate 
Acceptance Criteria 

1/reactor-year 

Fuel 
Temperature 

Heat Transfer 
Cladding/Coolant 

Cladding 
Temperature 

Cladding 
Integrity 

Primary System 
Pressure 

Secondary 
System Pressure 

Short Term 
Recriticality 

1 А 
 

Normal 
Operation 

 
Fuel melting 
not admissible 

 
No DNB: 
DNBR >1,3 

 
Тclad.<350°C 
C criterion while 
the hot channel 
does not violate 
the same 
temperature 
criterion. 

 
Cladding further 
usable without 
restriction 

 
Less/equal design 
pressure 

 
Less/equal design 
pressure 

 
Not 
admissible 

 
Т 

2 В 
 

Upset 
Conditions 

 
 
 
 
 

≤10-2 

Fuel melting 
not admissible 

No DNB 
(DNBR >1,3) or 
cladding 
temperature <600°С 

In case of  
DNBR <1,3 
Тclad.<600°C only 
temporally limited 
admissible 

Cladding further 
usable without 
restriction 

Less/equal 1.1 fold 
design pressure 

Less/equal 1.1 
fold design 
pressure 

3 С 
Emergency 
Conditions 

Less/equal 1.2 fold 
design pressure 

Less/equal 1.2 
fold design 
pressure 

 
А 

 
4 
 
 

Less/equal 1.8 fold 
design pressure 

Less/equal 1.8 
fold design 
pressure 

A 
T
W
S 

 
5 

 
D 

Faulted 
Conditions  

 
 
 
 
 
 
 

≤10-3 - 10-5  
 

Tmax.<Tmelt.  
for 90%  of 
pellet cross 
section in hot 
spots 
 
Average fuel 
hot spot 
enthalpy  
<200 cal/g for 
irradiated fuel 
 <225 cal/g 
for non 
irradiated fuel  

DNB admissible 
(except, if the 
containment is 
bypassed) 

Тclad.<1200°C 
in events with 
containment 
bypass, cladding 
tightness is 
required 

Uptightness of 
cladding in 
limited range 
admissible, in 
events with 
containment 
bypass cladding 
tightness is 
required 
Maximum 
cladding 
oxidation 17% 
Maximum 
hydrogen 
generation 
correspond to 
oxidation 1% of 
all fuel rod 
cladding 

Less/equal 1.2 fold 
design pressure 

Less/equal 1.2 
fold design 
pressure 

 
Admissible 

  

  

Т - Transient (Specified Normal Operation), A - Accident (Incident), ATWS - Anticipated Transients Without Scram 
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For Specified Operation (Normal and Abnormal Operation Event Classes 1 and 2): 
 
Best Estimate Assumption 
All operational and safety related equipment is available and working in accordance 
with the design. This case shall show the correct working of all the planned measures, 
and systems. 
 
Conservative Assumption: 
 
- Failure of an operational control device which affects the event favorably. 
- Failure of an effective limitation, if no reactor trip setpoint is reached at best 
estimate case. 
- Failure of the first reactor trip setpoint, if this setpoint is reached at best estimate 
case. 
 
For Incidents (Emergency and Faulted Conditions, Event Classes 3 and 4): 
 
Best Estimate Assumption 
 
- All operational and safety related equipment is available and working in accordance 
with the design. This case shall show the correct working of all the planned measures, 
and system. 
 
Conservative Assumption 
 
- Single failure in safety systems (stuck rod is taken as one mode of single failure) 
- Superposition of the emergency power case (loss of all AC power), if aggravating 
the event. 
- Failure of operational and safety related operational systems, if such decrease the 
event effect. 
- Failure of operational control devices, if such decrease the event effects. 
- Failure of first reactor trip setpoint or failure of an effective limitation (depending on 
their influence on the event). 
 
For ATWS (Event Class 5): 
 
Best Estimate Assumption: 
 
- All operational and safety related equipment is available and working in accordance 
with the design. These accidents are analyzed under best estimate conditions only. 

3.5. List of Initiating Events 
The List of Initiating Events (Annex 2) is based on Western practice and has been 
commonly agreed to the design of VVER-440/V-230 reference plant by means of 
corresponding comments and information's of the Russian partners. In the List is 
indicated for which events shall be made the calculations and for which events can to 
perform only engineering judgement, based on available information's. 
 
All initial events were subdivided on classes (see Table 1) in accordance with they 
probability and consequences. 
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The Beyond Design Basis Accidents (except ATWS), which probability is lower as  
10-5 per reactor year, did not consider in the frame of this TACIS project. 

4. Accident Analysis Results and Recommendations 
Safety analyses regarding LOCA, Non-LOCA, 3D core physics, confinment 
behaviour and radioactivity release (activity source term) have been performed. The 
main results of these analyses are summarized in the following chapters. For a more 
detailed information see the "Safety Analysis Summary Report" [17] or the relevant 
calculational result reports referenced for in [17] also. 

4.1. LOCA Analyses 
Accident analyses have included the investigations of the large break size spectrum 
(from 32 mm cold leg break up to 150 mm cold leg break and 200 mm hot leg break) 
and have been performed with Western and Russian codes, utilizing the French 
approach. 
The most relevant LOCA events for a generic WWER-440/230 have been 
investigated with the code CATHARE. Additional calculations have also been 
performed with the TECH-M-4 and RELAP5 codes. 
 
It has been found that: 
 
- An extreme variation of maximum cladding temperature versus a small variation of 
break size in the critical region has been observed and judged physical for this kind of 
transients. 
- The most penalizing channel in term of maximum cladding temperature has been 
found to be the cold channel for the break sizes leading to moderate core uncovery 
and the hot channel for break sizes leading to deep core uncovery. 
- For the analyzed cases with 2 Safety Injection Pumps (SIP) the first channel to 
violate the criteria has been always found to be the hot channel, but this may be not 
always true: in at least one case with 1 SIP, it has been found that the average channel 
violates the 1204°C criterion while the hot channel does not violate the same 
temperature criterion. 
- The hot leg injected SIP water has been found to flow to the steam generator, the 
cold leg and eventually to the vessel downcomer as long as a sufficient natural 
circulation flow remains available; on the contrary, when this natural circulation flow 
reduces due to mass depletion and/or core uncovery, the hot leg injected SIP water 
can seal the U-bend of the hot leg, circulation to the vessel via the cold leg stops and 
injected water can reach eventually the upper plenum. 
Although all codes have shown the same physical behaviour and the same trends 
regarding safety margins, the exact figures may differ somewhat from code to code. 
The figures used in the following are those obtained with the CATHARE code. 
 
For the cases with 2 SIP pumps it has been found that: 
- Break sizes up to 64 mm do not cause core uncovery, break sizes between 100 mm 
and 120 mm lead to moderate core uncovery, maximum cladding temperature takes 
place in the cold channel but it remains below 500°C, break sizes greater or equal to 
150 mm lead to a degraded scenario with strong oxidation and eventually core 
damage. 
- Breaks in the cold leg with size up to 120 mm allow to  respect of safety criteria, 
while the 150 mm break size violates the criteria. 
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- For hot leg breaks, the trend is similar but for higher break sizes: the 200 mm hot leg 
break is about equivalent to the 150 mm cold leg break and violates the criteria. 
- For the analyzed cases with 2 SIP pumps, the first channel to violate the criteria has 
been always found to be the hot channel, but this may be not always true: in at least 
one case with 1 SIP pump, it has been found that the average channel violates the 
1204°C criterion while the hot channel does not violate the same temperature 
criterion. 
- Accumulators improve significantly the level of safety, but thermal shock on the 
vessel has to be investigated. It has been only verified that no core uncovery takes 
place for a 200 mm cold break if one accumulator is available. 
 
So relative to minimum break size LOCA, it can be states that up to 120 mm, the 
acceptance criteria for DBA are fulfilled. 
 
Some specific conclusion of high interest for future work can be pointed out: 
 
- CATHARE calculations show the effect of less powered assembly for determination 
of maximum cladding temperature. As a consequences it is not always the hottest 
channel, which is more penalizing one. 
- Working Group recommend to pay attention to the nodalization of the active part of 
the core, which should take into account as a minimum three different regions: called 
"cold", "average" and "hot" relative to the peaking factors. 
 
SIP hot injection behaviour show two different ways of refilling (via upper plenum or 
via steam generator to the downcomer) depending on the break size. 
 
The water level in pressurizer can be recovered during a short period in spite of 
primary depressurization for small break LOCA. This effect could lead to erroneous 
information for relative to mass inventory for operating procedures, it is 
recommended to implement a vessel signal (RPV level measurement) for main 
inventory determination. 
 
Concerning dose calculations it can be noted that for the cases with 2 SIP pumps the 
breaks up about 120 mm do not cause cladding failure and there is no release of 
fission products retained in the gap; on the contrary, the break size 150 mm causes not 
only the loss of cladding integrity in all modeled working assemblies but leads also to 
extensive core damage and relevant fission product release. 

4.2. Non-LOCA Analyses 
 
35 Non-LOCA initiating events have been analyzed. The German approach has been 
applied. 
The scope of work performed in the frame of the project give a good basis for 
evaluation of safety margin for a generic WWER 440/230. 
 
Due to lack of time, work has been shared between Siemens (SI), Gidropress (GP) 
and Kurchatov-Institute (KI). This process has lead to some deviation in the chosen 
used assumption (relative to taking into account control device, etc.). 
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The results of the analyses which were performed by different computer codes 
(RELAP5/MOD2, DINAMIKA, TECH) have been compared. Under the conditions 
the same assumption were applied the results are in a good agreement. 
 
The results show that Non-LOCA analyses, except the BDBA, fulfils the acceptance 
criteria. Nevertheless in can be pointed out that for all studies some improvement of 
actuation signals are of interest: 
- Emergency feed water signal, 
- New SIP actuation (low pressure), and 
- Decrease of water level in SG  
 
The total amount of runs are subdivided in the following way: 
- Increase in heat removal:    11 runs, 
- Decrease in heat removal:      3 runs, 
- Decrease in reactor coolant system flow rate:    2 runs, 
- Reactivity and power distribution anomalies:   5 runs, 
- Decrease in reactor coolant inventory:    3 runs, 
- ATWS:      13 runs and 
- BDBA:        3 runs. 

4.2.1. Main Results 
In all cases, the margins to minimal DNBR as well as to the allowed peak cladding 
temperature are large enough to avoid any damage of the fuel rods. The same holds 
for the peak pressures of the primary and secondary side except for certain cases 
belonging to the categories ATWS and BDBA where the primary pressure nearly 
meets or exceeds the acceptance limit of 120% of its design value. In the ATWS 
cases, fuel melting is not observed, too. 
 
In the following, a summary of the results for the different event categories is given. 
The numbering refers to the list reported in Annex 2. 

4.2.2. Increase in Heat Removal 
The Events 1.4.2 and 1.4.3 (inadvertent opening and stuck open of a secondary 
valves) are characterized by the decrease of the primary coolant temperature and a 
subsequent increase of the reactivity and of the reactor power. Eventually, steady state 
conditions will be reached at a higher power and lower pressure and temperature 
level. In both calculations, the reactor power as well as the MS pressure control were 
assumed to be out of operation. To assess the impact of these control systems, Event 
1.4.3 was repeated with the MS pressure control in operation. The decreasing 
secondary pressure initiates the control rods moving out that leads to an excessive 
power increase and to the reactor scram. 
 
Main steam line breaks at different positions were investigated (Events 1.5). Common 
to all variants, hot standby initial conditions and the emergency power case (EPC) 
after event initiating were assumed. For a spectrum of pipe breaks between the Steam 
Generator (SG) and the Main Steam Isolation Valve (MSIV) (Events 1.5.1) the 
calculations performed by GP show that the occurrence of the key events do not 
depend on the break size and on the code applied (DINAMIKA-5/RELAP5). In any 
case, the actuation of the high pressure safety injection system (HPSI) is predicted 
which provides for the core cooling in the calculated event time. For 2 break sizes 
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(1A, 2A), KI calculated the related transients using an own RELAP5 model. Whereas 
the results of both calculations are consistent in tendency, they differ significantly 
from that ones obtained by GP, e.g. the primary pressure drop stops at a level above 
the setpoint for HPSIS. In fact, different closing times assumed for the Main Steam 
Header Valve (MSHV) and for the MSIV in the affected SG (15 sec (GP), 2 sec (KI)) 
may be responsible for the deviations. A similar reasoning can be applied to the Case 
1.5.3 (main steam header break) which was also analysed by DINAMIKA-5 (GP) and 
RELAP5 (KI). Apart from the fact that HPSI does not occur in both calculations, the 
level and time development of the pressures are different, but comparable to the cases 
summarized in 1.5.1. As the last accident in this category, the Case 1.5.4 (unisolable 
main steam line break in coincidence with smaller ruptures of neighbouring lines) was 
analyzed by means of DINAMIKA-5 (GP) and RELAP5(SI). Although this event is 
more serious than the 2A MSL break (see 1.5.1) the related DINAMIKA-5 results can 
be compared in tendency. In the present case, HPSIS is actuated due to the fast drop 
of the pressurizer level. After this event, the pressures will be stabilized. This 
behaviour is observed in both DINAMIKA-5 calculations. In contrast to that, the 
RELAP5 calculation reveals slower decrease of the primary pressure such that the 
start-up of HPSI will be delayed. Again, the closing time of the MSIV and MSHV is 
shorter than in the DINAMIKA-5 simulation. 

4.2.3. Decrease in Heat Removal 
The Section 2.8 (feedwater piping break) comprises characteristic cases under full 
load initial conditions and EPC after shutdown of the turbines. The Event 2.8.1 (break 
between downstream check valve and SG) was simulated by SI using the RELAP5 
model. It was assumed that the first reactor trip signal fails. Due to the secondary 
pressure drop, the control rods are withdrawn that leads to power excess and later on, 
to the reactor trip released by the second signal "primary pressure >13.73 MPa". After 
isolation of the affected SG, the emergency feed water provides for the decay heat 
removal. In Event 2.8.3 (break of main feedwater header) 2 calculations were 
performed by GP. In the DINAMIKA-5 run, it could be demonstrated that the power 
control which consists of the subsequent actuation of the procedures AZ-3 and AZ-2, 
is sufficient to keep the plant parameter within the acceptance limits. In a counterpart 
calculation using RELAP5, a substantial dryout of the SGs has been found before the 
reactor and the turbines are tripped. From this finding, it is concluded that the existing 
emergency protection signals are not sufficient and should be modified by changing 
AZ-3 to AZ-1. 

4.2.4. Decrease in Reactor Coolant System Flow Rate 
The Event 3.1.2 (trip of 2 out of 6 reactor coolant pumps - mechanical rundown), was 
investigated by means DINAMIKA-5 (GP) and RELAP5 (GP, KI,SI). 
Sufficient agreement of the results has been achieved. From the safety point of view, 
the results demonstrate a sufficient core safety margin in comparison with the 
acceptance criteria: 
 - DNB-ratio      >1.3, and 
 - Peak Cladding Temperature (PCT)   <600°C. 

4.2.5. Reactivity and Power Distribution Anomalies 
In Section 4, several transients supposing anomalous behaviour of control rod 
movements were studied at full load and hot standby initial conditions, respectively. 
Event 4.1 (uncontrolled withdrawal of a control rod group at full power) was 
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calculated by using RELAP5 (KI). As the main result, a minimum DNB ratio of 2.0 
was found just after releasing the reactor trip. For the Event 4.2 (uncontrolled 
withdrawal of a control rod group at standby), 2 runs using different RELAP5 models 
were performed by KI and SI, respectively. The main difference in the boundary 
conditions consists in the initial SG collapsed levels and in the treatment of the 
feedwater control. KI assumes feedwater shutdown after reactor trip. In the SI run, 
feedwater flow is controlled by keeping the nominal SG level. Within this spectrum, 
both calculations yield comparable and consistent results, e.g. the recriticality of the 
core. KI also carried out a RELAP5 analysis for the Event 4.7.1 (control rod ejection 
at full power). The prominent event is the supercriticality of the core. However, the 
peak cladding temperatures are only marginally higher than under nominal conditions. 
The Event 4.8 (control rod drop at full load) finalizes the analyses of reactivity 
accident. The simulation was performed with the RELAP5 model developed by KI. 
The decrease of the reactor power is overcompensated by the withdrawal of the 
remaining control rods initiated by the MSH pressure control. Due to the excess of the 
neutron flux, the reactor is tripped without reaching the acceptance limits. 

4.2.6. Decrease in Reactor Coolant Inventory 
In Section 6.3, the thermal hydraulic consequences of leaks between primary and 
secondary side have been investigated. Event 6.3.1 (2A break of one SG tube at full 
load with EPC after turbine trip) was analyzed by GP and SI with the RELAP5 code, 
but with slightly different boundary conditions. The analysis showed that the criteria 
for the HPSIS start-up and for reactor scram are reached at almost the same instant. 
The SI approach assumed the SIP to start injection before the trip criteria are fulfilled. 
In this variant, the primary pressure increases to some level where the break flow rate 
and the SIP rate compensate. At the secondary side, the feedwater flow rate in the 
affected SG is reduced such that neither SG overfilling nor any release of fluid to the 
atmosphere occurs. If the reactor trip and the HPSIS start-up are initiated at the same 
instant, the affected SG will overflow because of EPC. Due to the increase of the 
secondary pressure, primary fluid will be released via the BRU-A valve. Finally, the 
Event 6.3.2 (lift up of the cold collector header lid at full power with EPC after 
turbine trip) was simulated by means of RELAP5 (SI). The sequence of events is 
similar to Case 6.3.1 (GP approach), but the loss of primary inventory as well as the 
atmospheric release of primary fluid are substantially larger. However, the HPSI 
system is able to balance the break flow rate. 

4.2.7. Anticipated Transients without Scram (ATWS) 
The Event 7.1 (inadvertent control assembly withdrawal) was considered under full 
power and hot standby initial conditions. GP provided 2 calculations at full load 
applying DINAMIKA-5 and RELAP5, respectively. In the RELAP5 run, it was 
assumed that the BRU-A valves remain closed. In both variants, the system stabilizes 
at about the same (increased) power level. No problems concerning the acceptance 
criteria are observed although the sequence of events and the response of the safety 
systems are different in both calculations. At hot standby initial conditions, 2 
RELAP5 runs were performed by KI and SI, respectively. The results represent 
limiting cases since best estimate (KI) and conservative boundary conditions (SI) have 
been selected. Recriticality has been found anyway. After a initial phase of about 600 
s, the SI approach predicts higher voiding in the core and, consequently, a substantial 
drop of the reactor power. The peak value of the primary pressure closely meets the 
acceptance limit. Due to the best estimate approach of KI, only little primary fluid is 
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lost via the pressurizer valve. The reactor power stabilizes at a level of 102%. The 
peak primary pressure is significantly lower than in the SI approach. In the same 
manner, the Event 7.2 (loss of feedwater at full power) was investigated. Both 
calculations predict subcriticality of the core at about the same instant. The primary 
peak pressures differ by 0.6 MPa and remain below the acceptance limit. The Events 
7.3 (loss of alternating current power) and 7.4 (inadvertent opening and stuck open of 
all turbine bypass valves) were analyzed by GP using RELAP5. The major finding at 
7.3 is that the pressuruzer safety valves are not capable to keep the primary pressure 
below the accepted limit at least for a restricted period of time. In Event 7.4, the 
reactor power increases and stabilizes at a level of 106%. The time development of 
the key parameters does not show any anomalies. Event 7.5 (loss of condenser 
vacuum) was analyzed by means of RELAP5 (KI). The heat transferred to the 
secondary side will be removed by periodically opening of the SG safety valves. Due 
to spraying, opening of the pressuriser valves do not occur. In the next analysis, the 
Event 7.6 (inadvertent opening and stuck open of a pressuriser safety valve) was 
studied by GP applying DINAMIKA-5 and RELAP5. The purpose of this comparison 
was to show up the influence of boron on to the time behaviour of the plant 
parameters. The injection of borated water at HPSI pump operation was assumed in 
the DINAMIKA-5 simulation. As a result, the core finally becomes subcritical. Steam 
production in the core does not occur. Since the RELAP5 simulation was performed 
without the boron option the results can be considered as conservative with respect to 
the acceptance criteria. Anyhow, the margins to the limiting values are found to be 
large. The last event in the ATWS category was Event 7.7 (bypassing of HP 
feedwater heaters). Again, 2 calculations were performed by GP with different models 
for the feedwater control realized in DINAMIKA-5 and RELAP5, respectively. Due 
to the decreasing temperature at secondary side, the reactor power will slightly 
increase because of the positive feedback of the moderator temperature. DINAMIKA-
5 uses a continuous model for the control of the feedwater flow whereas a intermittent 
model was chosen in the RELAP5 model. The time behaviour of the plant parameters 
reflects this different modeling. However, the results do not reveal any instabilities. 

4.2.8. Beyond Design Basis Accident 
There were 5 calculations performed in order to develop appropriate measures and to 
assess the time being available to actuate them. The Event 8.1 (trip of 6 out of 6 
reactor coolant pumps - mechanical rundown) was investigated by means of both 
DINAMIKA-5 (GP) and RELAP5 (KI). During the first few seconds of the transient, 
DNB and short term increase of hot rod cladding temperature occur such that a part of 
the fuel rods could be damaged. However, the system pressures remain below the 
values allowed for BDBA. The simulations with both codes predict a similar time 
development of the key parameters. Minor deviations are observed in the peak values 
of the primary pressure and of the cladding temperatures.  
 
 The results for Event 8.2 (total loss of feedwater-bleed and feed procedure) are based 
on 2 runs with DINAMIKA-5 (GP) and RELAP5 (KI) where somewhat different 
boundary conditions were assumed. As a common feature, a periodical opening and 
closing of the first pressurizer valve was found such that the acceptance limit for the 
primary pressure is not exceeded. Depending on the shutdown time of the RCP and 
the availability of the HPSI system, different space of time will result for initiating 
counter measures. Hence, the result of analyzing Event 8.3 (station blackout) can be 
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taken as a first guess. In a DINAMIKA-5 run (GP), a period of about 6.5 h was 
obtained before severe core damage will occur. 

4.2.9. Conclusions 
The major part of the analyses shown sufficiently large margins to the limits specified 
by the acceptance criteria. For these cases, it can be expected that the criteria are also 
satisfied if conservative initial conditions would have been imposed. The cases where 
the acceptance limits are closely met or exceeded have to be investigated more 
profoundly by comprehensive sensitivity calculations. The following initiating events 
were identified to be reanalyzed within an extended study: 
- Event 2.8.3:  Break of main feedwater header, 
- Event 7.1:  ATWS - inadvertent control assembly withdrawal, 
- Event 7.3:  ATWS - loss of alternating current power, 
- Event 8.2:  BDBA - loss of feedwater (bleed and feed procedure), 
- Event 8.3:  BDBA - station blackout. 

4.2.10. Outlook 
There are several points which remained unsolved so far: 
- Sensitivities were not studied extensively. 
- Some systems have been modeled in a simplified way (rod control, feedwater 
control), others were not modeled (turbine controller, make up system) because of 
insufficient documentation. 
- The modeling of the secondary side a horizontal SG has to be checked furthermore 
against experimental data. 

4.3. Confinement Analyses 

4.3.1. Description of the Task 
Within the frame of the TACIS 91/1.3 project confinement analyses for Russian 
WWER-440/V-230 NPPs have been performed using the Siemens/KWU computer 
code WAVCO. 
 
These calculations were based on the results concerning primary circuit leak rates of 
in-vessel-analyses, using the Russian code TECH-M and the French code CATHARE. 
 
The aims of this task were to show the integrity of the confinement under the pressure 
loads resulting from the mass and energy release following LOCAs of different sizes. 
As well the amount of the confinement leakage to the outer atmosphere had to be 
determined in order to assess the activity release to and the radiological consequences 
for the environment. 
The results of the radioactivity release analyses see paragraph 4.5. 

4.3.2. Cases performed 
During the Conceptual- and the Confirmation-Phase of this project a wide range of 
LOCA cases with leak sizes reaching from 32 mm up to 200 mm have been analyzed 
using the WAVCO code. For most cases the source rates were calculated with the 
TECH-M code assuming cold leg break and hot leg injection from the Emergency 
FIPSIS. A few cases were based on source rates from CATHARE, one with cold and 
one with hot leg break. 
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For one leak size (100 mm) various parameter variations have been performed 
concerning number of spray pumps in operation, constants of the recirculation cooler, 
confinement leakage, release rates and pressure drop coefficients. 
 
During the Confirmation Phase one additional case concerning a secondary circuit 
leakage was calculated. The source rates for this last case were taken from 
DINAMIKA calculations. 

4.3.3. Results 
On the results of all WAVCO calculations performed during the Conceptual Phase 
and the Confirmation Phase the following general conclusions can be drawn. 
 
4.3.3.1. LOCA cases 
The analyses performed up to now show the spectrum of break sizes analyzed in the 
frame of this project (32 - 200 mm) that there is no violation of confinement integrity 
taking into account the actual confinement tightness (app. 2.5 confinement volumes 
per hour at 1.7 bar absolute). 
 
4.3.3.2. Main Steam Line Break 
The analyses performed in the frame of this project (2A-break of MSL (=430 mm) 
with coincident 2A-break of a smaller (=400 mm) neighbouring line) show that there 
is no violation of confinement integrity taking into account the actual confinement 
tightness (app. 2.5 confinement volumes per hour at 1.7 bar absolute). 
It has to be pointed out that for this case with only slightly higher pressure in the 
confinement compared to the LOCA cases, the atmosphere temperature is much 
higher (app. 150°C). As a consequence attention should be paid to the proper 
operability of Safety Equipment necessary during such an event. 
 
4.3.3.3. Recirculation Cooling 
For leak sizes smaller than 100 mm the pressure within the confinement does not 
reach 0.120 MPa and therefore the spraying system will not be activated (due to 
missing pressure signal). Because recirculation to the emergency water storage tank is 
driven by the spraying pumps as well, this means that no cooling of the water in the 
storage tank is possible. Therefore the temperature of the water can rise to a value 
which may effect cavitation problems with the SIP. The same problem may arise 
when-with activated spraying system - only one spraying pump or only one cooler is 
available, because then the cooling power is not high enough to keep the temperature 
of the water below a critical value for longer time periods. 
 
Therefore it is strongly recommended to make changes to the reactor protection 
system in such a way that the recirculation cooling of the water in the storing tank is 
not only activated by the two successive signals 
- "Confinement pressure above 0.120 MPa" 
and 
- "Water temperature in storage tank above 70°C",  
but that it will, too, start operation with only the one signal 
- "Water temperature in storage tank above 70°C".  
Additionally it should be guaranteed that in case of request at least two pumps and 
two coolers of the spraying system are available. 

  Exec. Sum.  R1.3-91-Rev. 7.2.2002-Eng 
  Page 20 of 42 
 



4.4. 3D Core Physics Analyses 
The safety analysis using Siemens codes and German safety analysis methodology has 
been performed for the some special events. With the code package HEXAV cross 
sections were generated for use in the core physics analysis with the 3D nodal core 
transient code system HEXTIME. For the end of an equilibrium cycle the following 
Non-LOCA accidents were analyzed: 
- Rod ejection from hot zero power and full power, 
- Main steam line break at zero power, and 
- Control rod drop. 
It could be shown that in all regarded cases safety limits are nit violated. As a result, it 
can be stated that WWER-440/V230 reactors present very large margins for such 
events. For instance, even in the case of control rod ejection DNB is not reached. 

4.5. Radioactivity Release Analyses 

4.5.1. LOCA 
The activity release depends on the size and location of the piping in which the 
rupture is postulated to occur. Three cases are differentiated: 
 
- All fuel rod cladding tubes remain intact. This is expected in accordance with the 
analyses described under Section 4.1 for breaks in piping of diameters up to 
approximately 120 mm. 
- Loss of integrity in up to approximately 10% of the fuel rod cladding tubes. This is 
to be applied for breaks in piping which has a diameter in the area of the rupture of 
between approximately 120 and 200 mm. 
- All fuel rod cladding tubes become defective. This case is considered as the top 
enveloping analysis. 

4.5.2. Non-LOCA 
In the case of the representative accident for the Non-LOCA scenarios "lift up of the 
steam generator collector lid", no consequential damage of the fuel rod cladding tubes 
is incurred. 

4.5.3. Activity Source Terms 
The following source term result depending on the rate of defective cladding tubes: 
 

Activity source term 
(Ci) 

LOCA 
Rate of defective cladding tubes due to accident 

 
Isotope 

0% 10% 100% 

 
Non-LOCA 

Kr 85 m 
Kr 88 
Xe 133 
I 131 
I 133 
Cs 134 
Cs 137 

3.80E+01 
1.28E+02 
1.18E+03 
1.09E+01 
1.49E+01 
4.95E-02 
7.43E-02 

1.10E+05 
3.05E+05 
7.33E+05 
3.57E+03 
7.68E+03 
2.14E+02 
2.57E+02 

1.10E+06 
3.05E+06 
7.33E+06 
3.57E+04 
7.68E+04 
2.14E+03 
2.57E+03 

2.16E+01 
7.27E+01 
6.70E+02 
1.25E+02 
1.70E+02 
2.44E-02 
3.65E-02 
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4.6. Applicability of the results for NPP Kola to the NPP Novovoronezh 
The requirement of TOR is to perform the most of the analyses for the Kola NPP and 
the limited scope of them for the Novovoronezh NPP taking into account the 
differences which exist for these two plants. Comparison of the features of these NPPs 
has shown that all technical conclusions and recommendations drawn up from the 
generic analyses performed during the project are applicable both for Kola NPP and 
for Novovoronezh NPP. 
 
Nevertheless, it is aimful to perform in the future some plant specific analyses to 
substantiate quantitatively the recommendations taking into account some differences 
in the plant characteristics, especially regarding to additional protection signals and 
containment system actuation. 

4.7. Proposal for Safety Improvements 
In the following a list of additional protections and interlockings based on Project 1.3 
accident analysis results is given. For further details see the "Safety Analysis 
Summary Report" [17]. 
 
1.  SG water level - LOW: Reactor scram by AZ-1 
 
2.  Reactor outlet temperature - HIGH: 

 
Reactor scram by AZ-1 
(instead of existing AZ-3 signal) 

 
3.  Pressurizer level - HIGH: 

 
Reactor scram by AZ-1 

 
4.  All feed water pumps OUT OF OPERATION: 

 
Closing of all turbine stop valves 

 
5.  SG water level - LOW: 

 
Switching on the emergency feed 
water pumps. 

 
6.  Primary pressure - LOW: 

 
Reactor scram by AZ-1 
(instead of existing AZ-2 signal) 

 
7.  Temperature in water storage tank - HIGH: 

 
Switching on the spray pumps to 
operate via recirculation line 

 
Remark:  Formation schemes and numerical values for the above mentioned  

    signals should be justified by additional calculations of the relevant 
    accident conditions. 
 

5. Conclusion 
The main goal of the Project was defined by Terms of Reference (TOR) as the 
essential extension of WWER-440/V230 accident analysis using Western safety 
approach and computer codes. To achieve this goal, project partners Electricite de 
France, Framatome S.A., Siemens AG (Project Leader), RRC Kurchatov Institute and 
EDO Gidropress have performed a great scope of the coordinated work. 
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analyzed, events categorization and acceptance criteria to be applied have been 



developed, and initial and boundary conditions were defined for each event. Input 
data sets for the computer codes CATHARE, RELAP5/MOD2.5, WAVCO, 
HEXTIME, DINAMIKA and TECH-M have been developed and 60 initiating event 
have been analyzed using French methodology for LOCA and German methodology 
for Non-LOCA events. Totally, more than 100 calculations have been performed with 
these computer codes. The technical conclusions from these accident analyses are 
described in detail in the "Safety Analysis Summary Report" [17] which is issued both 
in English and Russian languages. 
The Project 1.3 "Safety analyses" has confirmed the safety of NPP with WWER-
440/V230 reactor in the frame of western approach. 
The important purpose of the Project as defined by Terms of Reference was the 
transfer of the Western accident analysis technology and experience to RSC 
Kurchatov Institute and EDO Gidropress. A the indivisible parts of this "Know 
HowTransfer", some Western computer codes (including initial training of and 
subsequent consultancy for the Russian users) and the relevant hardware (including 
HP-700 work stations, PCs and office equipment) have been delivered to and 
successfully implemented in RRC Kurchatov Institute and EDO Gidropress to enable 
them to perform high standard accident analyses for the operating and future WWERs 
taking into account the internationally accepted approaches. 
 
In the course of the project, large teams of Western and Russian experts have gained 
the valuable experience in the application of Western safety philosophy and computer 
codes to WWER-type reactors. This team and this experience could be very 
effectively used for the possible future TACIS activities concerning the continuation 
of WWER-440/V230 accident analysis and arrangement of similar projects for 
WWER-440/V230 and WWER-1000 nuclear power plants. 
 
On the whole the project work could be performed only in accepting essential efforts 
of all the partners since there were some delays and additional activities compared to 
the original time and work schedule. The joint work was characterised by a good co-
operation between all partners, being endeavoured to perform the various tasks as 
having originally scheduled, and to look for alternative work paths in such cases 
where problems have been arisen. 
 
The work was organized and controlled by the "Joint Working Group", which could 
promote by achieving common decisions regarding actual and future tasks. As a 
result, all the tasks foreseen by the Project Terms of Reference have been performed 
as a whole successfully. 
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1. CATHARE 
 
2. RELAP5/MOD2 
 
3. HEXTIME/COBRA 
 
4. WAVCO 
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1. CODE: CATHARE 
 
CATHARE is a best estimate code for thermalhydraulic nuclear reactor safety 

studies covering the domain of large breaks, small breaks and transients. It is 
developed at C.E.N. Grenoble in the frame of a joint effort from CEA, EdF and 
FRAMATOME. Three CATHARE 1 versions and three CATHARE 2 versions have 
already been delivered, the last one-version V 1.3E - in October 1992. The version 
1.3U delivered in October 1993 to French users contains an improved reflooding 
submodule - mainly numerical improvements - and a new CCFL submodule. 

 
The main characteristics of the last Version V1.3E and V1.3U are:  
 
- the modular structure with the possibility to represent any reactor or test facility 

by assembling modules and submodules; 
- the two-fluid model which is used in either 0-D, 1-D and 2-D modules; 
- the time discretization is fully implicit-nearly implicit for the 2-D module -and the 

space discretization users the staggered mesh and the donor cell principle; 
- the constitutive relations are established mainly on the basis an extensive 

experimental support program. They are progressively improved through 
successive Revisions (Revision 5 in the last versions V1.3, V1.3E and V1.3U); 

- each version is carefully assessed following a two step procedure: qualification of 
the closure relations on a large separate effect test matrix, and verification of the 
overall code behaviour on an integral test matrix which includes the BETHSY 
tests. 

 
The different modules are the following: 
- The basis module is the 1-Dimension 6-equation model. It may be of three 

different types: pipe, rod (or tube) bundle or annulus. 
- The Volume module is a 2-node model with many possible connections. 
- The Tee module connects a main pipe to a branch pipe and deals with phase 

separation effects. 
- A 2-Dimension Downcomer has been implemented in the V1.3, V1.3E and V1.3U 

versions 
- An original 1-D pump module which predicts two-phase characteristics is also 

available. 
- Boundary conditions of different types. 
 
Some additional capabilities are interesting for safety studies: 
- A fuel submodule can predict the thermo mechanical behaviour with the clad 

deformation, rupture and oxidation. 
- The transport of two non-condensable gases can be modeled. Their effect on 

physical processes are modeled in constitutive relations. This allows to calculate 
air-water experimental tests, and to model hydrogen and/or nitrogen transport in a 
reactor. 

- The transport of boron in liquid and activity in both phases can be calculated. 
They are treated as passive scalars. 

- The heat exchanger may deal with either vertical or horizontal steam generators 
and may represent any heat exchanger between two axial modules. 

- A reflooding submodules calculates the 2-D conduction in the rod at the quench 
front vicinity with a moving mesh. 
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Every module is able to describe the mechanical and thermal non equilibrium which 
may be found in various components of PWR circuits. 
 
Specific features of a LB-LOCA in blowdown, refill and reflood phases are 
represented. More precisely, fuel ballooning, clad rupture are calculated but the 
effects on the flow in the core are not completely taken into account. Nevertheless, the 
code is limited to transients where no severe damage of the fuel occurs. 
 
Situations related to SB-LOCA, such as two phase natural circulation, reflux 
condenser mode, loop seal clearing, etc...., are also in the domain of simulation. 
 
Cold shutdown states, mid loop operation with open manhole are situations possible 
to be calculated. 
 
The extensive experimental program carried out for developing constitutive relations 
and for assessment includes separate effect tests, component tests and integral tests. 
 
CATHARE may be used for several types of PWR's: western types (FRAMATOME, 
KWU, WESTINGHOUSE, .....), and eastern types (WWER). It was also used for 
some studies concerning the RBMK type reactors (BWR with parallel core channels). 
 

2. CODE: RELAP5/MOD2 
 
The RELAP5 code version is the workstation version of RELAP5/MOD2. The 
internal code name is RELAP5/MOD2.5. The code is implemented on workstations of 
the series HP-9000/7XX operating under UNIX. The code based on RELAP5/MOD2 
cycle 36.06, the last developed version of MOD2 released by EG&G. In addition to 
the standard RELAP5/MOD2, the WS-version includes some options of MOD3 as 
well as a new option to calculate the interphase friction for bundle geometry (Bestion 
correlation). 
 
RELAP5/MOD2 is a pressurized reactor (PWR) system transient analysis code that 
can be used for simulation of a wide variety of PWR system of interest in light water 
reactor (LWR) safety. The primary system, secondary system, feed water train, 
system controls, and core neutronics can be simulated. The core models have been 
designed to permit simulation of postulated accidents ranging from large break loss-
of-coolant accidents to accidents involving the plant controls and fuel system. 
Transient conditions can be modeled up to the point of fuel damage. RELAP5/MOD2 
was produced by improving and extending the modeling base that was established 
with the release of RELAP5/MOD1 in December 1980. 
 
RELAP5/MOD2 is a generic transient analysis code for thermal-hydraulic systems 
using a fluid that may be a mixture of steam and water, one non-condensable specie, 
and a non-volatile solute. The fluid and energy flow paths are approximated by one-
dimensional stream tube and conduction models. The code contains system 
component models peculiar to pressurized water reactors. In particular a point 
neutronics model, pumps, turbines, generator, valves, separator, and controls are 
included. The code also contains a jet pump component and has been used for 
modeling boiling water reactor systems. 
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The PWR applications for which the code is intended include large and small break 
loss-of-coolant accidents, operational transients such as anticipated transients without 
SCRAM, loss of feed, loss-of-offsite power, loss of flow, and over cooling transients. 
The system behaviour can be simulated up to the point of fuel damage. Neither fuel 
cladding deformation nor metal-water reaction are modeled. 
RELAP5/MOD2 can also be used for analysis of the transient behaviour of piping 
systems containing steam/water such as for estimating hydraulic loads on relief valve 
discharge lines. 
 
RELAP5/MOd2 is designed for use in analyzing system component interactions as 
opposed to detailed simulations of fluid flow within components. As such it contains 
limited ability to model multidimensional effects either for fluid flow, heat transfer, or 
reactor kinetics. Exceptions are the modeling of gross flow effects in a PWR core 
using an approximate crossflow momentum equation and the reflood model that uses 
a two-dimensional conduction solution in the vicinity of a quench front. To further 
enhance the overall system modeling capability a control system model is included. 
This model provides a way of performing basic mathematical operations such as 
addition, multiplication, and integration for use with the basic fluid, thermal, and 
component variables calculated by the remainder of the code. This capability can be 
used to construct models of system controls or components that can be described by 
algebraic and differential equations. The code numerical solution includes the 
evaluation and numerical time advancement of the control system coupled to the fluid 
and thermal system. 
The hydrodynamic model and the associated numerical scheme are based on the use 
of fluid control volumes and junctions to represent the spatial character of the flow. 
The control volumes can be viewed as stream tubes having inlet and outlet junctions. 
The control volume has a direction associated with it that is positive from the inlet to 
the outlet. The fluid scalar properties such as pressure, energy, density, and void 
fraction are represented by the average fluid conditions and are viewed as being 
located at the control volume center. The fluid vector properties, i.e., velocities are 
located at the junctions and are associated with mass and energy flow between control 
volumes. Control volumes are connected in series using junctions to represent a flow 
path. All internal flow paths, such as recirculation flows, must be explicitly modeled 
in this way since only single liquid and vapour velocities are represented at a junction 
(i.e., a countercurrent liquid-liquid flow cannot be represented by a single junction). 
For flows in pipes there is little confusion with respect to nodalization. However, in a 
steam generator having a separator and recirculation flow paths some experience is 
needed to select a nodalization that will give correct results under all conditions of 
interest. Nodalization of branches or tees also requires some guidance. 
 
Heat flow paths also modeled in a one-dimensional sense using a staggered mesh to 
calculate temperatures and heat flux vectors. The heat conductors can be connected to 
hydrodynamic volumes to simulate a heat flow path normal to the fluid flow path. The 
heat conductor or heat structure is thermally connected to the hydrodynamic volume 
through a heat flux that is calculated using a boiling heat transfer formulation. 
Electrical or nuclear heating of the heat structure can also be modeled as either a 
surface heat flux or as a volumetric heat source. The heat structures are used to 
simulate pipe walls, heater elements, nuclear fuel pins, and heat exchanger surfaces. 
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A specialized two-dimensional heat conduction solution method with an automatic 
fine mesh rezoning is used for low pressure reflood. Axial as well as radial conduction 
is modeled and the axial mesh spacing is refined as needed to resolve the axial 
thermal gradient. The hydrodynamic volume associated with the heat structure is not 
rezoned and a spatial boiling curve is constructed and used to establish the convection 
heat transfer boundary condition. At present, this capability is specialized to the LWR 
core reflood process, but it is planned to generalize this model to higher pressure 
situation so that it could be used to track a quench front anywhere in the system. 
 
The control system model provides a way for simulating any lumped process such as 
controls or instrumentation in which the process can be defined in terms of system 
variables through algebraic or logical operations. These models do not have a spatial 
variable and are integrated with respect to time. The control system is coupled to the 
thermal and hydrodynamic components in a serially implicit fashion. The control 
system advancement occurs after the hydrodynamic advancement and used the same 
time step as the hydrodynamics so that new time thermal and hydrodynamic 
information is used in the control model advancement. However, the control variables 
are not fed back to the thermal and hydrodynamic model until the succeeding time 
step, i.e., they are explicitly coupled to the hydrodynamic model. The reactor kinetics 
model is also advanced in a serially implicit manner after the control system 
advancement. The kinetics model consists of a system of ordinary differential 
equations that are integrated using a modified Runge-Kutta technique. The integration 
time step is regulated by a truncation error control and may be less than the 
hydrodynamic time step; however, the thermal and fluid boundary conditions are held 
fixed over each hydrodynamic time interval. The feedback effects of fuel temperature, 
moderator temperature, moderator density, and boron concentration in the moderator 
(cooling center) are evaluated using averages over the hydrodynamic control volumes 
and associated heat structures that represent the core. The averages are weighted 
averages that are established a priori such that they are representative of the effect on 
total core power. 
 
The RELAP5/MOD2 hydrodynamic model is a one-dimensional, transient, two-fluid 
model for flow of a two-phase steam-water mixture that can contain a non-
condensable component in the steam phase and/or a non-volatile component in the 
liquid phase. The major change from the RELAP5/MOD1 model is the addition of a 
second energy equation that eliminates the need to constrain one of the phases to the 
saturated state. Other improvements include a revised interphase drag formulation, a 
new non equilibrium wall heat transfer model, a revised vapour generation model that 
includes wall heat transfer considerations, and the addition of several new special 
process/component models. 
 
The RELAP5/MOD2 hydrodynamic model contains several options for invoking 
simpler hydrodynamic models. These include homogeneous flow, thermal 
equilibrium, and frictionless flow models. These options can be used independently or 
in combination. The homogeneous and equilibrium models were included primary to 
be able to compare code results with calculations from the older homogeneous 
equilibrium model (HEM) based codes. 
 
The two-fluid equations of motion that are used at the basis for the RELAP5/MOD2 
hydrodynamic model are formulated in terms of area and time average parameters of 
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the flow. Phenomena that depend upon transverse gradients such as friction and heat 
transfer are formulated in terms of bulk potentials using empirical transfer coefficient 
formulations. The system model is solved numerically using a semi-implicit finite 
difference technique. The user can select an option for solving the system model using 
a nearly-implicit finite difference technique, which allows violation of the material 
Courant limit. This option is suitable for steady state calculations and for slowly-
varying, quasi-steady transient calculations. 
 
Special methods are provided in the code for use in obtaining initial conditions. These 
methods are based on the transient solution algorithm, but make use of an accelerated 
thermal transient solution technique in order to shorten the computer time required to 
achieve steady state. 
 
3.CODE SYSTEM: HEXTIME/COBRA 
 
FOXS: 
 
The spectral calculations are performed  with the cross section generator FOXS which 
was originally designed to treat square pin lattices. For application to hexagonal fuel 
assemblies was extended by using special Dancoff factors for hexagonal lattices.  
FOXS generates 2 group microscopic cross section libraries for the various fuel 
assembly types (as function of burnup or particle density and state parameters: 
moderator temperature, moderator density, fuel temperature, soluble boron 
concentration). In case of the radial heavy reflector of WWER reactors the spectral 
calculations are adapted to the corresponding geometry arrangement of steel and 
water. In a first step the 2-D heterogeneous (steel/water) reflector of WWER reactors 
is reduced to slab geometries for the various azimuthal directions. In a second step 
response-conserving cross sections are derived which are assigned to the respective 
reflector hexagons. 
 
HEXMED: 
 
The burnup calculations are performed with the code HEXMED. HEXMED is a 3-D 
hexagonal-z nodal code which solves the diffusion equation in an arbitrary number of 
energy groups. In the depletion module of HEXMED the nuclide chains can be 
specified explicitly. The depletion equations are solved for each node on the basis of 
the nodal fluxes and the nuclidewise microscopic fission and capture cross sections. A 
basic problem of the original nodal approach is the failure to account for local burnup 
gradients in radial 1 node-assembly calculations. This problem is solved in HEXMED 
by a burnup-corrected extension of the nodal expansion method. 
 
HEXTIME/COBRA: 
 
The safety analysis of WWER type PWRs is performed with the nodal core transient 
code system HEXTIME. HEXTIME is applied to all kinds of core transients in which 
the power distribution is significantly affected, including short term accidents like rod 
ejection and quasi-stationary abnormal conditions. HEXTIME features a neutronics 
model for solving the time-dependent few-group diffusion equation in hexagonal-z 
geometry coupled with the advanced thermal-hydraulics code COBRA3-CP. 
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Combined with an accurate and efficient pin power reconstruction module the 
program system is capable to perform global neutronics/thermal-hydraulics 
calculations as well as to provide input for evaluations of important safety-related 
parameters like DNB ratios and centreline fuel temperatures. MSSHEX is the 
assembly dehomogenization module of HEXTIME for reconstruction of local flux 
and pin power distributions from the hexagonal nodal solution. It determines the local 
continuous flux solution by solving the two-group diffusion equation for each selected 
hexagon with boundary conditions given or derived from the nodal solution. 
MSSHEX is the neutronics basis for the evaluation of local safety-related parameters. 
 
HEXDAT: 
The cross section data base for HEXTIME is generated by means of the interface code 
HEXDAT which couples the depletion code HEXMED with . HEXTIME. HEXDAT 
provides macroscopic cross sections (including derivatives with state parameters) for 
all nodes. 
 
COBRA3-CP: 
For the determination of safety related parameters like DNB ratios the thermal-
hydraulic code COBRA3-CP is used. COBRA determines the local flow and enthalpy 
distribution in rod bundles during steady-state and transient conditions. It uses a 
mathematical model that considers both turbulent and diversion cross flow mixing 
between adjacent subchannels. COBRA3-CP can analyze an array of sub-channels 
each of which includes the flow area formed by up to four adjacent rods. The 
subchannels are divided axially into control volumes. By solving simultaneously the 
mass, energy, and momentum equations the local fluid conditions in each control 
volume are calculated. CHF correlations applicable to WWER reactors (e.g. OKB-3 
or IAE-5) are available in the code. 
 
 
 
4. CODE: WAVCO 
 
WAVCO (i.e. "Wasserstoff-Verteilung im Containment", Hydrogen distribution in the 
containment) is a general purpose thermodynamic computer program for design, 
licensing, safety and operation analysis of nuclear power plant containment and other 
confinement buildings. 
WAVCO was being used by Siemens/KWU for the analyses of the thermodynamic 
consequences of severe loss-of-coolant accidents in nuclear power plants (NPP) as 
well for computational predictions of the distribution of both the flammable gases H2 
and CO as well as the inert gas components N2, CO2 and steam in the containment 
atmosphere. These predictions are extremely important for the estimation of the 
residual risks from nuclear installations. 
When designing the related models, considerations were not restricted to applications 
in the severe accident sector. Instead an attempt was made to take into account all the 
phenomena which primary occur in the case of a controlled loss-of-coolant accident 
(LOCA) in order to develop the most versatile computer program possible. This 
includes the capacity of modeling both extremely transient as well as extremely slow 
processes. 
The topological multi-zone model used in WAVCO (often referred to as "Lumped 
Parameter Model" in the English literature) puts emphasis on the calculation of the 
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thermodynamic states in the zones. Fluid-dynamic phenomena are reduced to the 
basic transfer processes for mass and energy between the zones. In case of an 
adequately large number of zones selected for the modeling of the 
containment/confinement, complicated convection phenomena can be simulated 
approximately. 
WAVCO offers possibilities to evaluate the different effects of safety-related systems, 
e.g. spray system, sump pumping, pressure suppression systems (pressure suppression 
chamber) and hydrogen reduction systems. The code is capable of modeling the 
thermodynamic effects both in containments of the Western (e.g. KWU type) NPPs 
and in confinements of the Russian (WWER type) NPPs. 
The code is verified by recalculation of a variety of experiments and is accepted by 
the various licensing and control institutions for NPPs in Germany. 
 
The total geometry under consideration, i.e. the containment or confinement, is 
divided into "control volumes" (or "balance zones"), each of which homogeneous 
conditions are assumed for. These control volumes are internally represented as "node 
elements". Node elements may be interconnected to as many other elements as 
necessary for an adequate description of the problem under consideration. These 
interconnections can be made either by simple "direct connections" or by "flow 
branches". 
The direct connections between node elements are free flow openings or other 
openings with rupture discs, doors, locks etc. No corresponding volume is assigned to 
direct connections. Therefore they are not capable of storing mass and energy. 
Although "flow branches" have individual volumes assigned to the balance zones 
within them, they are distinguished from the node elements in order to simplify the 
numerical solution process. In a flow branch the individual balance zones are 
positioned one after the other and each of them has connections to only one upstream 
and one downstream element. The flow branches join at node elements and are linked 
by them. 
In practice flow branches represent the various paths of the ventilation system 
consisting, for example, of ventilation ducts, blowers, filters and throttle flaps. On the 
other hand, the node elements represent the free volumes in the containment, i.e. the 
different compartments or the total or subdivided dome. 
The control volumes within the system modeled by WAVCO can exchange mass and 
energy through the different connections. By application of the appropriate equations 
of motion and additional correlations for mass and heat transfer at the walls balances 
of mass and energy are established for each control volume, which altogether form an 
extended system of non-linear differential equations. This system is solved 
simultaneously by an iterative numerical method, thereby providing the values of all 
the thermodynamic parameters defining the transient state of the containment system 
under consideration. 
 
Each balance zone has a specified free volume which is filled by an atmosphere and a 
sump. Generally a zone is completely or partly surrounded by wall/floor surfaces. 
However, zones without limiting walls are possible too. 
The zone atmosphere consists of steam and a pre-set number of non-condensable 
gases. In addition, a certain fraction of liquid water in the form of mist can also be 
present within it. The mist is assumed always to be in thermodynamic equilibrium 
with the gas phase (i.e. identical temperature of gaseous atmosphere and mist). When 
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exceeding a certain maximum load, the mist droplets begin to precipitate into the 
sump. 
When calculating the thermodynamic state in the zone atmosphere the ideal gas law is 
used as the basis for the non-condensable gas fraction. The average gas constant, 
specific heat and other properties of the mixture are obtained from the fractions and 
the values of the individual components. The components' properties themselves are 
established as functions of the temperature. 
In contrast to the  non-condensable gases steam is treated as a real gas using the 
property values according to the steam table, i.e. the values for density and enthalpy 
are dependent on both temperature and pressure. 
The atmosphere within a zone undergoes a heat and mass exchange with the adjoining 
walls. For a dry atmosphere this heat exchange results only from the transfer of 
perceptible heat (i.e. convection). In a wet atmosphere and with wall surface 
temperatures below the dew point of the zone's atmosphere condensation of steam 
will appear (mass transfer to the wall). The energy released by the condensing steam 
is transferred to the wall surface with a heat flux corresponding to rate of 
condensation and the specific evaporation heat of the water. With a wet atmosphere 
this heat flux forms an important contribution to the total heat transferred to the walls.  
While the convective heat transfer between zone atmosphere and walls operates in  
both directions (depending on the temperatures), the mass transfer (and the connected 
heat transfer) is restricted to one direction (condensation) for regular walls. 
Evaporation of water from a regular wall is not considered in WAVCO. (For special 
walls defined as "sump" see below). 
The water which has condensed on walls or has been precipitated out of the zone 
atmosphere collects at the bottom of a zone as "sump". There is a heat and mass 
transfer between sump and zone atmosphere. Furthermore the convective heat transfer 
between the sump and the underlying floor (a special type of wall) is considered. 
In case of a fast pressure drop in the balance zone the zone pressure can fall below the 
vapour pressure according to the actual sump temperature. In this case spontaneous 
boiling of the sump occurs. Boiling of the sump may also arise as a consequence of an 
internal or external heat flux into the sump, e.g. from heat sources in the sump water 
or via a hot surface. These effects are also taken into consideration in the WAVCO 
models. 
 
In general the balance zones are enclosed by "walls". These walls are capable of 
absorbing of discharging heat, depending on the conditions at the surface and in the 
atmosphere. Via its two surfaces a wall can be in contact with two different balance 
zones, or it may be defined as being isolated (adiabatic) on its outer surface. 
The heat transfer within the wall is described by an non-stationary thermal conduction 
equation which is solved by use of a difference approach. For this purpose the wall 
can be subdivided into 1-3 layers of different materials, each of them being further 
subdivided into a user-defined number of sublayers. The grid made up internally for 
each layer is non-homogenous using narrower sublayers at the surfaces because of the 
usually higher temperature gradients there. The middle layer may be selected as an air 
gap with convective heat transfer across it. 
For the calculation of the coefficients for heat and mass transfer between atmosphere 
and walls 8 different heat transfer models are available in WAVCO. They can either 
be prescribed as global or as wall-specific constant values, or they can be calculated 
using various correlations taking into account the convective and atmospheric 

  Exec. Sum.  R1.3-91-Rev. 7.2.2002-Eng 
  Page 34 of 42 
 



conditions in the zone (e.g. Tagami/Uchida, radiation models, etc.). Furthermore wall 
surfaces can be simulated as to be isothermal of adiabatic. 
The most sophisticated heat and mass transfer model within WAVCO is the one with 
the internal index "6". In case this model is selected for a zone, individual heat and 
mass transfer coefficients are determined for each wall, floor and sump surface of this 
zone. This is carried out using equations for the heat mass transfer at plane surfaces in 
the case of free and forced convection. 
 
The conditions within different zones are linked as a result of: 

- Mass and enthalpy exchange by means of free or forced gas flow through 
any kind  
  of connections, 
- Mass and enthalpy exchange by inflow and outflow of sump water, and 
- Heat transfer through walls 

In the WAVCO model the direct connections themselves can neither store mass nor 
energy. They solely conduct a mass and energy flow from one zone to another. The 
fluidic behaviour of the connection is modeled in WAVCO by an extended form of 
the aperture equation. This considers not only pressure, density and height differences 
but also acceleration effects. The blower is a special connection type, enforcing an 
user-defined mass flow even against an existing pressure gradient. 
In addition to convection following pressure gradients a mass transfer through 
connections driven by a concentration gradient (diffusion) is modeled. Because of its 
generally low contribution diffusion is only important in the case of very calm flow 
conditions. 
In addition to and independent of the gas flow through connections the transport of 
sump water according to an user-defined flow scheme is calculated in WAVCO. This 
option describes the drainage behaviour in the containment, e.g. the outflow of 
condensate from one sump to another one in a lower zone, as soon as the specified 
capacity of a zone sump is exceeded. The corresponding mass and enthalpy fluxes are 
taken into account for the balance zones concerned. 
By definition the flux of sump water is only dependent on the definition of the sump 
flow paths by the user. Therefore it is not influenced by the pressure distribution in 
the zones, water levels in the sumps or anything else. 
 
In order to simulate the release of mass and enthalpy into any balance zone (e.g. 
blowdown of the primary circuit after break) the user may provide time-dependent 
source term tables defining mass and enthalpy flow rates for steam/water and all other 
inert gases considered in the actual calculation. As well mere energy sources can be 
defined for any of the balance zones (decay power of fission products or molten core-
concrete interaction, etc.). 
When steam/water sources are defined for a particular balance zone, the total mass 
flow rate is split into a vapour phase rate and a liquid phase rate internally. The 
relative fractions of the two phases are derived from the specific enthalpy of the leak 
flow and the thermodynamic conditions in the zone. While the steam always remains 
in the atmosphere exchanging enthalpy up to the equilibrium state there, the liquid 
phase can additionally be separated into an airborne fraction and a fraction introduced 
into the sump. Both liquid phase fractions contribute their mass and enthalpy to 
respective mass/energy balances. 
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The WAVCO code calculates and provides all thermodynamic parameters necessary 
for the assessment of the consequences to the containment/confinement for any 
regular or hazardous event analyzed with it (temperature, pressure, relative humidity 
etc.). The results are presented both as tabulated printouts and as plot files for post-
processing with an appropriate graphics code (e.g. DEGAS). The printout includes 
values for the global errors of the respective calculation run. Each run produces a 
restart file in order to allow a continuation of the calculation towards longer problem 
times. 
 
With WAVCO a computer code is available which enables the user to calculate the 
temperature and pressure distribution and other important data in the hermetic zone of 
a NPP after a loss-of-coolant accident. 
In Germany WAVCO is regularly used in order to perform analyses and make various 
computational predictions for most of the German NPPs. 
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ANNEX 2. Table of Initiating Events: 
Priority of Analysis, Categorization as Transient or Accident 

and Main Initial and Boundary Conditions 
 

Abbreviations: 
 
Priority 
   C = to be calculated (bounding case) 
   E = to be evaluated (bounded case) 
 
Categorization of Event (Categoriz.): 
 
   T = Transient 
   A = Accident 
   ATWS = Anticipated Transients Without Scram. 
   BDBA = Beyond Design Basis Accident. 
 
Core Condition: 
 
   BOC = Begin of Cycle 
   EOC = End of Cycle 
 
Control and Protection Systems (I&C): 
 
   IO = All systems working under normal operation 
   WC = Without control system which prevents actuation of  
                                                protection system level 1-4 (AZ1-4) 
   WL = Without protection system level 2, 3, or 4 (AZ2, 3 or 4) 
   2R = First reactor trip criterion neglected 

 
Further Assumptions (Further Assum.): 
 
   SF = Single failure (applies to active safety systems) 
   AA = Additional assumptions 
   EPC = Emergency Power Case (loss of on-and offsite power) 
    (Emergency Power supply is still operating) 
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1. Increase in Heat Removal 
 

Initial and boundary conditions  
№ 

 
Events 

 
Priority 

 
Categoriz. Power   Cycle I&C Further

assum. 
 

 
Remarks 

1.1. Feedwater system malfunction that results in a 
decrease in feed water temperature 

Е Т       100% ЕОС WC, WL -

1.2 Feedwater system malfunction that results in 
an increase of feed water flow 

Е Т       100% ЕОС WC, WL -

1.3 Steam pressure regulator malfunction or 
failure that results in increasing steam flow 

Е Т       100% ЕОС WC, WL -

1.4 
1.4.1. 
1.4.2. 
1.4.3. 

Inadvertent opening and stuck open of a 
 SG relief valve (BRU-A) 
SG safety valve 
Bypass valve (BRU-K) of 1 TG 

 
Е 
С 
С 

Т       100% ЕОС WC, WL -

1.5 
1.5.1. 

 
1.5.2. 
1.5.3 
1.5.4. 

 
1.5.5. 

Main Steam Line breaks 
- Spectrum of pipe breaks between SG and 
MSIV 
downstream of MSIV 
Main Steam Header break 
Unisolable MSL break in coincidience with 
smaller ruptures of neighbouring lines  
3D core physics calculation for worst case 

 
С 
 
Е 
С 
С 
 
С 

А        0% ЕОС WC, 2R SF, EPC
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2. Decrease in Heat Removal 
Initial and boundary conditions  

№ 
 

Events 
 

Priority 
 

Categoriz. Power  Cycle  I&C Further assum.
 

Remarks 
2.1. Steam pressure regulator malfunction or failure that 

results in decrease of steam flow 
Е Т     100% ВОС WC, WL -  

2.2 Loss of external electrical load Е Т       100% ВОС WC, WL -
2.3        Turbine trip Е Т 100% ВОС WC, WL -
2.4 Inadvertent closure of main steam isolation valves Е Т       100% ВОС WC, WL -
2.5 Loss of condenser vacuum С Т  100% ВОС WC, 2R or WL  EPC  
2.6 

2.6.1. 
2.6.2. 

Loss of on-and offsite power supply 
short term case*) 

long term case**) 

 
Е 
Е 

 
Т 
А 

100% ВОС    WC, WL -

2.7 Loss of normal feedwater flow 
- with emergency feedwater supply 

Е Т       100% ВОС WC, WL -

2.8 
2.8.1 
2.8.2 
2.8.3 

Feedwater piping break 
dowstream check valve 
upstream check valve 
Break of main feedwater header 

 
С 
Е 
С 

А  100% ВОС WC, 2R SF, EPC  

2.9 Increase in feedwater temperature Е Т       100% ВОС WC, WL -
 
*)The short term case is relativ to the DNB criteria and the criteria of the primary pressure. 
**)The aim of the long term case is to prove that the emergency feedwater flow is sufficent to cool the core until reaching the state when the cold shutdown conditions are reached. 

 
3. Decrease in Reactor Coolant System Flow Rate 

Initial and boundary conditions  
№ 

 
Events 

 
Priority 

 
Categoriz. Power  Cycle  I&C Further assum.

 
Remarks 

3.1. 
3.1.1. 
3.1.2. 

Spectrum of RCP trips 
6 out of 6 RCP 
2 out of 6 RCP (mechanical rundown) 

 
Е 
С 

T    100% ВОС
WC, 2R 

WC,WL or 2R 

-  

3.2 RCP shaft seizure Е А      100% ВОС WC, WL SF
3..3 RCP shaft failure Е А       100% ВОС WC, WL SF
3.4 

3.4.1. 
3.4.2. 

Inadvertent closure of primary loop isolating valves 
1 loop isolated 
2 loops isolated 

 
Е 
Е 

Т       100% ВОС WC, WL -

3.5 Partial blockage of coolant flow through a fuel 
assembly 

Е А  100% ВОС WC, WL  SF, EPC  

3.6 Coolant flow rate decrease as a con Е Т       100% ВОС WC, WL -
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4. Reactivity and Power Distribution Anomalies 
Initial and boundary conditions  

№ 
 

Events 
 

Priority 
 

Categoriz. Power Cycle I&C Further assum. 
 

Remarks 
4.1. Uncontrolled withdrawal of a control rod group at 

full power 
- Additional core physics calculation 

С 
 
С 

Т 100%    ВОС WC,WL -  

4.2. Uncontrolled withdrawal of a control rod group 
during start-up  
- Additional core physics calculation 

С 
 
С 

Т       0% ВОС WC, WL -

4.3. Control rod maloperation 
- Core physics estimation only 

Е Т       100% ВОС WC, WL -

4.4. Inadvertent start-up of a reactor coolant loop at 
low temperature or with low boron concentration 

Е Т       80%
*) 

ВОС *)max. allowed power
    at 5-loop-operation 

4.5. Chemical and volume control system malfunction 
that results in uncontrolled decrease in boron 
concentration 

Е Т  100% ВОС WC, WL  -  

4.6.. Inadvertent loading and operation of a fuel 
assembly in an improper position 
- Core physics calculation only 

Е 
 

Т 
 

100% ВОС    - -

4.7. 
4.7.1. 

 
4.7.2. 

Control rod ejection 
- at full power 
Additional core physics calculation 
- at zero power 
Additional core physics calculation 

 
С 
C 
E 
C 

А     100%
 
 

0% 

ВОС WC, WL
or 2R 

SF 
(EPC) 

 

4.8. Control rod drop C T 100% BOC WC, WL -  
 
 
 
5. Increase in Reactor Coolant Inventory 

Initial and boundary conditions  
№ 

 
Events 

 

 
Priority 

 
Categoriz. Power Cycle I&C Further assum. 

 
Remarks 

5.1.  Inadvertent operation of ECCS (HPSIS) Е Т       100% ВОС WC,WL -
5.2. Chemical and Volume Control System (CVCS) 

malfunction (or operator error) that increases reactor 
coolant inventory 

Е Т       100% ВОС WC, WL -
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6. Decrease in Reactor Coolant Inventory 
 

Initial and boundary conditions  
№ 

 
Events 

 

 
Priority 

 
Categoriz. Power  Cycle  I&C Further

assum. 

 
Remarks 

6.1. Inadvertent  opening and stuck open of a 
pressurizer safety valve 

С А     100% ВОС WC,WL
or 2R 

SF, EPC  

6.2. Break of instrumentation line outside of 
confinement (radiological consequences only) 

Е А      100% ВОС - -

6.3. 
6.3.1. 
6.3.2. 

Leaks from primary to secondary side 
- 2A-break of one SG-U-tube 
- Lift up of the collector header lid 

С А     100% ВОС WC, WL
or 2R 

SF, EPC  

6.4 Loss-of-coolant-accidents 
Radiological consequences of LOCA 

С А  100% ВОС WC, WL or 2R SF, EPC  

6.5. Incomplete closing of a pressurizer safety 
valve 

Е А      100% ВОС WC, WL
or 2R 

 SF, EPC  

 
7. Anticipated Transients Without Scram 
 

Initial and boundary conditions  
№ 

 
Events 

 

 
Priority 

 
Categoriz. Power  Cycle  I&C Further assum.

 
Remarks 

7.1. Inadvertent control assembly withdrawal  
at full power 
at hot standby condition 

 
С 
С 

ATWS     
100% 

0% 

ВОС - -

7.2.       Loss of feedwater С ATWS 100% ВОС - -
7.3. Loss of a.c. power С      ATWS 100% ВОС - -
7.4. Inadvertent opening and stuck open of all 

turbine bypass valves 
С 
 

ATWS     100% ВОС - -

7.5. Loss of condenser vacuum С      ATWS 100% ВОС - -
7.6. Inadvertent opening and stuck open of a 

pressurizer safety valve 
С      ATWS 100% BOC - -

7.7. Bypassing of HP feedwater preheaters С      ATWS 100% BOC - -

 
 
 
All calculations will 
be performed under 
best estimate 
conditions 
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8. Beyond Design Basis Accidents 
 

Initial and boundary conditions  
№ 

 
Events 

 

 
Priority 

 
Categoriz. Power Cycle I&C Further assum. 

 
Remarks 

8.1. Trip of 6 out of 6 reactor coolant pumps 
(mechanical rundown) 

С        BDBA 100% ВОС WC,WL -

8.2. Total loss of feed-water-bleed and feed procedure C BDBA 100% ВОС     WC, WL -
8.3. Station blackout C BDBA 100% BOC WC, WL -  
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