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Annotation 
 

The original design of Kozloduy NPP Units 3 and 4 assumes as design basis accident (DBA) the 
rupture of DN 32 mm primary pipeline, while an initial event of double-sided guillotine break of 
primary pipeline with maximal diameter is not considered. In the course of units modernization it 
have been demonstrated once and again that both the emergency core cooling systems and the 
localization systems can cope with larger and larger primary circuit leaks. After the installation of a 
jet-vortex condenser (JVC) at Units 3 and 4 it was substantiated that, the integrity of the hermetic 
rooms is ensured even in case of double-sided guillotine break of a primary circuit pipeline with 
maximal diameter (DEGB). The technical justification of the jet-vortex condenser, elaborated by 
VNIAEC, contains calculations determining both the source term and the doses obtained outside 
the NPP site after LOCA DN 500. LOCA DN 500 is considered in these analyses as a beyond 
design basis accident and it is so included in the SAR and approved by the Nuclear Regulatory 
Agency. The thermo-hydraulic calculations performed later on show that the emergency core 
cooling systems can cope with this initial event at conservative assumptions. In order to classify 
this initiating event as a design basis accident it is necessary to demonstrate that the core cooling 
criteria are fulfilled and the internal and external doses outside the NPP site are within the 
permissible limits fixed for design basis accident by the Bulgarian regulatory body (Nuclear 
Regulatory Agency), when using conservative assumptions. For this purpose two consecutive 
studies were performed – evaluation of the DEGB probability and categorization of the initial event 
according to the contemporary regulations acting in Republic of Bulgaria. 

The presented report summarizes the results of the performed conservative analyses of double-
sided guillotine break accident of main circulation line taking into account the probability of rupture 
of large diameter pipeline after the complete implementation of the “Leak before break” concept, 
the electric power supply schemes of the units, the frequency of the initiating event as well as the 
requirements of the national and international regulations. 

The performed conservative accident analysis shows that the acceptance criteria for LOCA are 
fulfilled. 

As a result of the analyses a package of documents was developed to extend the SAR of Units 3 
and 4 with an initiating event LOCA DN 500 in order to demonstrate the capacity margin of the 
plants safety systems. 
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Analyses performed prior to substantiation of DN 500 as design basis accident  
The double-sided break analyses of the main primary circulation line performed for the purposes 
of SAR demonstrate that the emergency core cooling systems of KNPP Units 3 and 4 have a 
capacity considerably exceeding the capacity necessary to overcome the LOCA, which is 
approved in the original plant design as a design basis accident. 

In 2002 it was demonstrated in the SAR analyses that the emergency core cooling systems could 
cope with LB LOCA 200 mm at conservative assumptions applicable for design basis accident, 
and with LB LOCA 500 mm, when using best-estimate approach with some conservative 
assumptions. Further analyses performed in 2003 demonstrated that the emergency core cooling 
systems could also cope with LB LOCA 500 mm at conservative assumptions without 
simultaneous LOOP. 

 

Units 3&4 design modifications enabling to define new design basis accident 
During the past 10 years of plant reconstructions and modernizations a number of modifications 
were implemented, enabling considerable increase of the maximal primary leak flow rate, for 
which the acceptance criteria for DBA are fulfilled, applying an approach typical for the DBA 
analyses. They can be summarized in several general groups as follows: 

- Improving the reliability and the operating speed of the core cooling systems (reconstruction of  
the service water system, enhancing the reliability and the operating speed of the diesel 
generators; reconstruction of HPIS with automatic filling and overpressure protection of the 
emergency water tank, modernization of the electric power supply scheme of the house load 
switchgears resulting in keeping the scheme of all 6 kV and 0.4 kV house load switchgears 
supplied with power from the power grid with no necessity of any changes in the operational 
mode of the scheme or switching over or change of the operational conditions of the power 
supply scheme); 

- Improving the reliability of the last protection barrier against uncontrolled release of radioactive  
products to the atmosphere (considerable reduction of the containment untightness, 
installation of a passive overpressure protection system based on a jet-vortex condenser, 
modification of the interlocks isolating the ventilation systems and switching on the spay 
system); 

- Decreasing the probability of a large pipeline break (programs implemented for metal control 
of the main equipment, three independent systems implemented for early primary leak 
detection – LBB concept).  

As a result of the reconstruction of the service water system the latter is brought in compliance 
with the contemporary requirements to the safety systems.  

The operating speed of the diesel generators was reduced several times so as currently they can 
supply the safety systems with power up to 30-35 s following the signal for their start-up.  

The design disadvantage leading to the necessity of operator actions providing long-term stable 
operation of HPIS pumps after depletion of their tank was eliminated through realization of a 
scheme keeping the tank level within fixed limits by means of other safety systems. Thus, a large 
spectrum of LOCAs can be overcome without necessity of operator actions and for long enough 
time period (over 30 min). 

In the period 1994-1997, Units 3 and 4 were modernized in the part of electric power supply 
scheme of the house load switchgears, including reliable power supply switchgears, by realization 
of a generator interlock separating each of the two main generators from the corresponding unit 
transformer. Thus, in case of any switch-off of the generator, besides such due to internal failure 
of the transformer or due to loss of NPP connection to the power network (external event), the 
scheme of all 6 kV and 0.4 kV house load switchgears remains supplied with power from the 
power network without necessity of any change in the scheme operational mode or switching over 
or change of the operational conditions of the power supply scheme. 
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In addition to the numerous improvements aimed at direct decrease of the containment 
untightness, the reliability of the containment isolation is increased, including its ventilation 
systems by means of interlocks, whose schemes correspond to the requirements of the safety 
systems. 

After the installation of jet-vortex condensers on Units 3 and 4 the integrity of the hermetic 
compartments is ensured even in case of double-ended guillotine break of a primary pipeline with 
maximal diameter – the latter is approved as design basis accident with respect to keeping the 
containment integrity.  

The implementation of the LBB concept prior to full rupture, including three independent 
qualification systems for early primary leak detection enabled significant decrease of the 
probability of a large diameter pipeline break.  

The most recent evaluation of the operational reliability of the primary coolant pipelines of large 
diameters, performed by AtomToploProekt [5], was completed in March 2005. This evaluation 
takes into consideration the implementation of the foreseen measures aimed at improvement of 
the plants safety as well as the realization of the recommendations for further operation of these 
pipelines. The obtained maximal probability of a large break (break with equivalent diameter over 
200 mm) amounts to 1.8 10-7 (1/reactor-year). This probability is under the threshold value for 
design basis accidents of 1.0 10-6/reactor-year, determined in the Regulation for providing the 
safety of nuclear power plants [1]. 

Regulatory requirements to the event categorization 
The loss of coolant accidents belong to the category of events of very low probability usually 
referred to as Events Category IV or DBA 

Based on the defined in clause 12 of [1] categories of the nuclear power plants states and on the 
reliability analysis of the above mentioned pipelines, the initiating event – double-sided guillotine 
break of MCP at KNPP Unit 3 - is categorized as event outside the List of postulated initiating 
events, which shall be considered in the design of these Units. Clause 14, para (1) of [1] states – 
“In addition to the design bases, the plant behavior during beyond design basis accidents shall be 
evaluated. A combination of analytic methods with application of best-estimate assumptions can 
be used for the evaluations”. Therefore, the initiating event – double-sided guillotine break of MCP 
of Unit 3 - shall be considered as an accident analysis performed in addition to the design bases 
and aimed at assessment of the plant behavior in case of initiating events, which are outside the 
DBA range.  

Based on a comparison with the requirements of the contemporary trends in the regulatory basis  
and mainly in Europe, the conclusions have been made that the initiating event – double–sided 
guillotine break of MCP - can be included in the design bases of Unit 3 as an extension and the 
purpose of this extension is to demonstrate the capacity of the emergency core cooling systems 
and plant localization system. 

In the ENCONET report [6] a conclusion, analogues to the approach proposed in [5], was drawn 
with respect to the initiating event consideration – double-sided guillotine break of MCP as an 
extension of the design basis of the unit. The approach for treating such kind of events, presented 
in [11], is determined as the most applicable, namely due to the complete implementation of the 
LBB concept to the main circulation pipelines this initiating event is defined in a special category – 
extension of the standard design basis aimed at demonstrating the capacity margin of the 
emergency core cooling systems as well as the effectiveness margin of the plant localization 
system. 
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Methodology and main steps for the analysis of double-sided guillotine break of main 
circulation pipeline 
With a purpose to substantiate an accident with double-sided guillotine break of MCP, an analysis 
of MCP rupture at KNPP Unit 3 was performed by ENPRO CONSULT Ltd., which includes the 
following: 

- Evaluation of the core state; 

- Evaluation of the radiological consequences. 

The core state analysis is performed with RELAP5/MOD3.2 code at: 

- Conservative selection of the initial and boundary conditions of the plant; 

- Conservative selection of the break position; 

- Selection of the most unfavorable configuration of  the active safety systems, when a maximal 
part of the emergency cooling water bypasses the core; 

- Selection of the most unfavorable single failure of a safety system element. 

A sensitivity analysis of the key parameter (maximal temperature of fuel rod cladding) is 
performed with respect to the gas gap conductivity and discharge coefficient at the break.  

The effect of the displacement of the fuel followers of the control assemblies from the core to the 
lower plenum after reactor trip is evaluated.  

The conditions for short-term and long-term core cooling are also investigated.  

The core integrity analysis is performed within the framework of the project for reconstruction of 
the accident localization system by installation of a jet-vortex condenser. The parameters of the 
mass and energy releases from the primary circuit are obtained as a result of the conservative 
calculation with RELAP5/MOD3.2 code, and the containment response to the accident – with 
MELCOR 1.8.4 code. It is shown that, in case of conservative selection of the initial and boundary 
conditions, including maximal mass and energy releases, and at single failure of one spray system 
train, the core design pressure will not be exceeded i.e. the core integrity will be ensured. 

The analysis of the radiological consequences is performed in three consecutive steps: 

- First step: calculation of the coolant leak parameters at the break with RELAP5 code. The 
main objective is to determine the thermo-hydraulic parameters such as water and steam flow 
rates through the break as well as the pressure in the primary circuit volumes, wherefrom the 
leak occurs. The results of the first step are used as boundary conditions for the second step; 

- Second step: determination of the radioactive inventory released to the environment using 
MELCOR and COCOSYS codes. The analysis is carried out with 2 out of 3 operating trains of 
CSS. The main objective is to determine the volume fraction of the steam-air mixture released 
to the environment through the three possible paths: (1) through the containment leaks, (2) 
through the suction ventilation system В-2 and (3) through the JVC, as well as the radioactive 
fractions in the fuel (radioactive noble gases, organic iodine, molecular iodine, aerosol iodine 
and cesium), released to the environment. The results obtained at this step are used as 
boundary conditions for the third step; 

- Third step: determination of the radiological consequences using MACCS code.  

Results of the accident analysis of double-sided guillotine break of MCP 
The main results of the conservative accident analysis of double-sided guillotine break in the cold 
leg of MCP at Unit 3 are presented below. The results for Unit 4 demonstrate larger margin to the 
fulfillment of the acceptance criteria with respect to core cooling due to the lower power peaking 
factors of the core power distribution. 
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Short-term core cooling 
The maximal fuel rod cladding temperature is reached during the phase of core re-flooding and it 
is equal to 1165.1oC, providing an appropriate margin to the fulfillment of the acceptance criterion 
(1200oC). The lower discharge coefficient at the break increases this margin. For example, at 
discharge coefficient of 0.8 the maximal temperature of the fuel rod claddings is 862.4oC. 
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Fig. 1  Maximal fuel rod cladding temperature 
(parameter: gap conductivity) 

Fig. 2  Maximal fuel rod cladding temperature  
(parameter: discharge coefficient) 

 

The basic accident analyses do not take into account the displacement of the fuel followers of the 
37 control rod assemblies from the core to the lower plenum after reactor scram. The study 
performed within the frame of the contract for co-operation between ENPRO and GRS shows that 
consideration of this effect would lead to additional growth of the difference to 1200oC with 
another 32÷50oC.  

Long-term core cooling 
After decrease of the level in the HPIS tank below 2.0 m the tank refilling is started automatically 
using the recirculation lines of the operating LPIS pumps. This event occurs after termination of 
the re-flooding phase i.e. it does not influence on the short-term core cooling and on the fulfillment 
of the criterion for maximal fuel rod cladding temperature. The refilling flow rate can not ensure 
stable operation of all HPI pumps and therefore operator actions are necessary to stop 
simultaneously or consequentially part of the operating HPI pumps. In order to assess the 
necessity of operator actions and their influence on the long-term core cooling, two boundary 
cases were studied:  

- Refilling of the HPIS tank with design actuation of the interlocks and without operator actions; 

- Refilling of the HPSI tank with design actuation of the interlocks and with operator actions: 
switching off of all HPI pumps within 10 min. 

It is shown that the actions of the operating personnel (or missing actions) do not influence on the 
fulfillment of the indicated acceptance criteria. They have no impact on the long-term heat removal 
from the core as well. 

Ensuring core integrity 
The maximal pressure and temperature values in the SG box for all the studied variants remain 
below the permissible limits. It is proven that the containment integrity is not violated. 
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Fig. 3 Pressure in SG box Fig. 4  Temperature of the steam-air mixture in 
            the SG box 

 

Analysis of the radiological consequences 
The radioactive inventory released to the environment during               
double-sided guillotine break of MCP at KNPP unit 3 is determined using MELCOR and 
COCOSYS computer codes. The analysis is performed with 2 out of 3 operating trains of the 
spray system. The main objective is to determine the part of the steam-air mixture volume 
discharged to the environment through the three possible paths: (1) through the leaks of the SG 
box (2) through the suction ventilation system В-2 and (3) through the JVC, as well as the activity 
fractions in the fuel (radioactive noble gases, organic iodine, molecular iodine, aerosol iodine and 
cesium), released to the environment. The results obtained from the analyses are used as 
boundary conditions for the analysis of the radiological consequences performed with MACCS 
computer code. 

The boundary conditions of this analysis are the following: water and steam flow rates discharged 
through the both sides of the break. They result from the analysis of the mass and energy 
releases to the containment performed with RELAP5 computer code and they are used to 
determine the radioactivity released to the environment. 

The following assumptions are made for the MELCOR analysis: 

• Periodic variation of the atmospheric pressure of the environment when analyzing the 
discharge through the leaks of the SG box. The initial change of atmospheric pressure is 
equal to 0.045 bar, despite of the maximum atmospheric pressure variation for KNPP 
site, which is less than 0.03 bar; 

• It is assumed that the release from the containment to the environment occurs directly to 
the environment, i.е. the radioactivity retention in the surrounding compartments is not 
considered, while, actually, the discharge is occurring there through the containment 
leaks. This conservative assumption leads to an essential increase of the predicted 
radiation doses for the public in case of a design basis accident; 

• Equivalent  diameter of the leakages from the containment – DN50; 

• Ventilation system B-2 is switched off following the signal for accident with primary break 
and the leakage through the air ducts of В-2 stops 10 sec after the accident; 

• One of CSS trains is not operable; 

• The CSS flow rate is reduced to 60 % of the real one in order to obtain realistic prediction 
of the CSS effect using the MELCOR model (the COCOSYS analysis is without reduction 
of the CSS flow rate). 
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According to  [6] the conservative assumption is made that the iodine isotopes are released from 
the fuel and they enter the containment compartments in the form of (1) cesium iodide (CsI) – 95.0 
%; (2) molecular iodine (I2) – 4.875 % and (3) organic iodine (CH3I) –  0.125 %, as well as that all 
iodine forms enter directly to the SG box atmosphere during the “dry” phase of the accident, i.е. 
before core re-flooding by ECCS during the period 150 – 500 sec. 

Based on the MELCOR analysis the following is determined: (1) the part of the steam-air mixture 
volume, released from the containment to the environment through the three possible paths and 
(2) the fractions of the radioactive noble gases inventory, released from the containment to the 
environment. The activity fractions in the fuel, released to the environment, are determined based 
on the analysis made with the COCOSYS code (molecular iodine, organic iodine, aerosol iodine 
and cesium). 

The assessment of the radiological consequences in case of loss of coolant accident from the 
primary circuit at double-sided break DN500 in the MCP cold leg for KNPP unit 3, presented in 
this report, is performed under the following assumptions: 

1. It is conservatively assumed that as a result of the accident 100 % of the fuel 
elements lose the cladding integrity, which leads to releasing the entire inventory (100 
%) of the gap activity of the fuel. 

2. It is conservatively assumed that the activity of the radioactive noble gases, iodine 
and cesium in the fuel gaps corresponds to 5 % of their total activity in the fuel 
elements. 

3. The fuel activity inventory at the end of 3-year fuel cycle is assumed corresponding to 
the data used in SAR of JVC.  

4. The rainfall impact as well as the actual meteorological data concerning the KNPP 
site are taken into account when defining the prognised dose rates. 

5. Periodic variation of the ambient atmospheric pressure is conservatively assumed. 

6. The primary coolant activity is neglected, because it is several times less than the fuel 
gas gap activity, which is in compliance with the international practice. 

The iodine is released to the environment through the leaks of the SG box at a height 
commensurable with the reactor hall height and at low energy of the released plum. In a long term 
(after the first 30 min approximately) the main iodine form released, is organic iodine. Within 30 
days, 1.37*10-05 % of the organic iodine is released from the containment to the environment.  

The radiological consequences in case of accident with double-ended guillotine break of MCP 
(2xDN500), was evaluated with MACCS code. The radioactivity release to the environment was 
determined with MELCOR and COCOSYS codes. 

The analysis of the radiological consequences (predicted doses) resulting from the accident was  
performed by means of statistic processing of a large number of consecutive analyses with 
different initial moments of the accident initiation and taking into account the actual variation of the 
meteorological conditions typical for the KNPP site. The analysis result is a set of data about the 
predicted doses for each of the calculated sequences. Fig.5 presents the predicted radiation 
doses – effective dose and thyroid dose over 1 year for one of the worst cases from the point of 
view of the prognosed doses depending on the sequence of the meteorological conditions. Table 
1 presents the results for the predicted doses at the boundary of the Exclusion zone and beyond it 
under these meteorological conditions.  

Таble 1  Summarized results for the radiological consequences 

Dose  Calculated result, mSv 

Effective dose, mSv 0.171 

Thyroid equivalent dose, mSv 0.276 
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Fig.5Predicted radiation doses 

Data about the maximal equivalent dose for a whole body and the thyroid dose depending on the 
meteorological conditions with a probability of 90 %, 95 % and 99 % of the possible 
meteorological conditions are presented in Table 2. The maximal doses as well as their 
probabilities are also presented. These results show that the maximal effective dose over one 
year after the accident is 0.171 mSv, and the probability to reach this maximal value is below 0.62 
%. The maximal thyroid dose over 1 year does not exceed 0.28 mSv, and the probability of 
reaching this maximal dose is below 0.62 %. 

 
Таble 2  Dose rates in the 2.5 – 3.0 km area 

Dose, mSv Average 
value 

90 % 95 % 99 % Max. 
value 

Probability 
of the 

max. value
Effective dose  0.0345 0.0564 0.0638 0.0964 0.171 6.19*10-03 
Thyroid dose 0.0521 0.0821 0.0929 0.1650 0.276 6.19*10-03 

 

The curve of the cumulative probability distribution of the effective dose by external exposure and 
internal exposure by inhalation at the boundary of the Exclusion zone and beyond it is presented 
in Fig.6.  

The probabilities presented in Fig.6, do not take into account the probability of the accident 
initiating event. The curve shows the probability to exceed a dose as a function of the dose itself 
at a distance of 2.7 km from the location of the radioactivity release over 1 year expose time. The 
limiting value of 5 mSv is not exceeded, i.е. the probability of a dose higher than 5 mSv is 
negligible). For 95 % of the cases the predicted dose at the boundary of the Exclusion zone and 
beyond it is under 0.15 mSv. In 99.5 % of the cases the predicted dose at the boundary of the 
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Exclusion zone and beyond it is under 0.85 mSv, and in 99.9 % of the cases the predicted dose at 
the at the boundary of the Exclusion zone and beyond it is under 2 mSv.  

  

KOZLODUY 3, 4, WWER-440, CL LB LOCA 2xDN500

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

0.01 0.10 1.00 10.00

Доза, mSv

Ве
ро
ят
но
ст

 д
а 
се

 п
ре
ви
ш
и 
до
за
та

PROB>=X

95 % от случаите 
доза под 0.15 

S

99.9 % от случаите 
доза под 2 mSv

99.5 % от случаите 
доза под 0.85 mSv

 
Fig.6 Cumulative probability distribution of the effective dose   

Thus, the specified annual individual effective dose by internal and external exposure to the public 
at the at the boundary of the Exclusion zone and beyond it is equal to 0.171 mSv and is less than 
the limiting dose of 5 mSv according to Art. 10 [1] and less than the limiting dose rate of 50 mSv 
for old plants. This comparison proves that at the worst atmospheric conditions and using a 
number of conservative assumptions, the maximal anticipated effective dose does not exceed the 
limiting dose for DBA.   

 

 

Conclusions 
The methodology of accident analysis with double-sided guillotine break of MCP taking into 
account the probability of a large break after complete implementation of LBB concept, the 
schemes of electric power supply at the plant, the frequency of the initiating event and the 
requirements of the national and various international (mainly European) norms and standards 
was substantiated.  

The performed conservative accident analysis shows that the acceptance criteria for loss of 
coolant design basis accidents are fulfilled.  

The maximal temperature of the fuel rod claddings is 1165.05oC without consideration of the 
displacement of the fuel assembly followers of the control assemblies from the core to the lower 
plenum after reactor scram actuation, which gives conserve results. The evaluated temperature is 
lower than the limiting value of 1200oC. 
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The maximal pressure in the SG box is under the design pressure of the accident localization 
system (2 bar). Therefore, the containment integrity is not violated and this is substantiated in [2]. 

The annual individual effective dose by internal and external exposure to the public at the 
boundary of the Exclusion zone and beyond it, evaluated at the worst atmospheric conditions is 
equal to 0.171 mSv and is lower than the limiting value for old plants, specified in Section 3, para 
2 of [1] (50 mSv) and fulfils the requirements according to Art. 10 para 2 of [1] for new plants (5 
mSv).  

These results can serve as substantiation that the accident “Double-sided guillotine break of MCP” 
can be accepted as a design basis accident at KNPP Unit 3. 
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