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ABSTRACT 

The main concern of probabilistic risk assessment (PSA) Level 1 is to identify 

the accidents in event trees which lead to core damage and to quantify their frequency 

of occurrence. The core damage occurs, if the success criteria of the safety system are not 

fulfilled. 

The success criterion of a safety system is defined as the minimum degree of required 

ability to ensure the safety function (e.g. number of trains in operation). This criterion is 

evaluated for each particular scenario separately and the criterion is fulfilled when the core 

damage does not occur. The success criterion of safety systems evaluations is based on the 

assessment of the peak cladding temperature. Fulfilment / Failure of the success criterion of 

safety systems applied for PSA Level 1 is assessed on the basis of results of T-H analyses. 

This paper introduces deterministic T-H analyses that have been elaborated as a support 

for PSA Level 1 of Mochovce 3 and 4 units. The safety systems configuration in each 

analysed scenario was defined on the basis of PSA Level 1 requirements. 

The paper provides an overview of the VUJE approach and experience in the area of   

T-H analyses performed by the RELAP5 computer code. The paper introduces the 

methodology considered within the calculation, explains the choice of applied approach and 

describes the initial and boundary conditions as well as the operator action. Finally, paper 

shows the results of analysed scenarios that were performed for full power and for shutdown 

reactor states and provides an evaluation of the success criterion evaluation in deterministic 

analysis. 

1 INTRODUCTION 

The definition of the safety system success criteria is based on the definition of core 

damage appearance [1], by which core damage means core dry out and such temperature 

increase that leads to fuel rods damage and intense fuel cladding oxidation. The range of the 

fuel changes is so high that the fuel fission products releases take place. 

Within deterministic T-H analyses elaborated as a support for PSA Level 1, 

31 scenarios were analysed for full power and 18 scenarios for shut down reactor and spent 
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fuel pool. For given listed scenarios of initiating events it is necessary to determine the 

response (sufficient / insufficient) concerning safety systems configurations. The success 

criterion is evaluated for each particular scenario separately and the results of all analysed 

scenarios along with the safety systems success criteria evaluation are presented in this paper. 

The elaborated T-H analyses were performed by the RELAP5 computer code utilizing 

a realistic approach (realistic computational models, best estimate computer code...) with 

certain degree of conservatism applied in some initial and boundary conditions. However, the 

most of initial and boundary conditions were considered as realistic without assuming 

inaccuracy of particular parameters. During core modelling, specific phenomena were used to 

achieve desired results in analysed cases. The set of initial and boundary conditions utilized 

for the analyses, the conservative assumptions as well as the basic unit parameters are listed in 

the third part of this paper. 

The last part shows the table of analysed scenarios for full power and for shutdown 

reactor states. This table contains scenario specifications, Emergency Core Cooling System 

(ECCS) readiness and safety systems success criteria evaluation. 

The achieved results and a short conclusion of the elaborated T-H analyses are briefly 

summarized in conclusion. 

2 SAFETY SYSTEM SUCCESS CRITERIA 

The success criterion of safety systems is based on definition of the general 

requirements to the project of the nuclear installation [2]. In order to ensure the safety, the 

project of a nuclear installation has to fulfil following basic safety functions: 

a) Reactivity control, 

b) Heat removal, 

c) To keep radioactive substances within physical barriers, 

d) To control and limit the amount and sort of radioactive substances released to 

environment. 

The safety function a) reactivity control and b) heat removal are evaluated in the 

deterministic T-H analyses performed within this paper from the aim of PSA level 1 point of 

view [3]. 

The core heat removal ability is examined and the successfulness of action of given 

safety systems configuration is evaluated and based on the core state. The success criterion is 

assessed by limit numerical values of inspected output parameters. 

The core damage takes place and the success criterion is not fulfilled if: 

1) The peak cladding temperature of the hot rod exceeds 1200 °C 

2) The reactivity of the core after Reactor Trip System (RTS) actuation is higher 

than 0.0 $ 

2.1 Determination of the safety system success criteria  

The safety system success criteria are not evaluated only according to the above 

mentioned criteria, when failure takes place in case of temperature of any fuel rod in any axial 

position exceeds 1200 °C. In addition to peak cladding temperature, other parameters are 

observed and evaluated in each scenario that provides information about core status during 

accident. For the full power scenarios these parameters are coolant temperature at the core 
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outlet and the cladding temperature of the fuel rods. Coolant temperature at the core outlet is 

evaluated because it is an entry parameter for the FR-C.2 procedure (TCOREout > 340 °C) and 

for the FR-C.1 procedure (TCOREout > 450 °C). 

The time of reactor outlet nozzles uncovery and the time of core uncovery are evaluated 

as additional parameters for the shutdown mode. 

Apart from the loss of core heat removal phenomena occurring in the analysed 

scenarios, the criticality after reactor trip may occurs. In such a case the success criterion of 

the safety systems is evaluated based on overall core reactivity behaviour. 

In all analysed cases the calculation was terminated if: 

• The core was successfully cooled-down after the initiating event, and the primary 

(I.O.) and secondary (II.O.) circuit parameters are stabilized. On the basis 

of reached peak cladding temperature it is possible to clearly state whether the 

core is damaged or not. 

• The core was not cooled-down after the initiating event, the fuel rod cladding 

temperature rises and thus the core damage occurred and RELAP5 code is out of 

its range to continue the calculation. 

2.2 Safety and control system readiness 

The analyses elaborated as a support of PSA Level 1 are prepared following a realistic 

approach. The consideration of operation of control and safety systems differs from the 

methodology applied in safety analyses with a conservative approach. 

The aim of the T-H analyses is to determine the success criteria of safety systems. The 

consideration of operation of the safety and control system is defined by the each particular 

scenario. If the availability of particular safety or control system is not specially defined in the 

scenario, the system operation will be considered as nominal. If the safety or control system 

actuation occurs, nominal conditions will be assumed for its operation (nominal characteristic, 

nominal initial temperature and pressure, nominal values for signal actuation, etc.). 

3 INITIAL AND BOUNDARY CONDITIONS  

The selection of the procedure of the T-H analyses solution is based on the definition of 

a realistic analysis - analysis, in which the selection of initial and boundary conditions, 

characteristic of used construction materials, systems and others conditions of calculation are 

based on real data without deliberately bringing some conservatism regarding the acceptance 

criteria. For reduction of analysed scenarios and for the simplification of supporting analyses 

it is possible to use some elements of conservatism as well as to reduce the analyses only to 

bounding cases. But the calculated risk in this case can be overestimated and it is needed to be 

taken into account in PSA application. 

3.1 Conservative assumptions used in the T-H analyses 

A certain degree of conservatism was applied for initial and boundary conditions, which 

cannot be claimed “realistic (or best estimate)” because is not possible to apply data valid for 

the entire time interval of the fuel cycle (from beginning to end of cycle). Conservative values 

were mainly used for reason of simplification of the input deck preparation. Other 

conservative assumptions used in the T-H analyses are: 

• End of fuel cycle (EOC), 
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• Delay of the beginning of the control rod movement after the RTS signal is 2 s, 

• Delay between the ESFAS (Engineered Safety Features Actuation System) signal 

and the action of the corresponding system is 2 s, 

• The most effective control assembly assumed stuck in its upper position at the 

RTS actuation, 

• Time delay 10 s between signal for HPIs / LPIs (High Pressure Injection system / 

Low Pressure Injection system) actuation and real coolant delivery into the I.O., 

• Model of hot channel. 

The rest of the initial and boundary conditions were considered as realistic without 

assuming inaccuracy of particular parameters. The single failure and loss of offsite power 

assumption was avoided in the T-H analyses (with exception it is an initiating event). The 

influence of uncertainties and inaccuracies of the measurements was not evaluated by 

sensitivity calculations, because they are part of the probabilistic safety assessment and they 

are applied to T-H analyses results in the process of the success criteria assessment for 

particular initiating event. 

3.2 Computer code and computational model used 

T-H analyses of I.O. and II.O. were performed by using the best estimate RELAP5 

code. The 6 loop model was used for T-H analyses of primary and secondary circuit. 

Specific phenomena were used during core modelling: 

• 5 hydraulic parallel channels axially divided into 10 levels, 

• Flooded and unflooded part of the core, 

• Maximum power of the hot assembly, hot rod and maximum linear power applied, 

• Hot rod located in each channel (except bypass), 

• REFLOOD model and CCFL (countercurrent flow limitation) model used for core 

modelling under LOCA conditions. 

The core nodalisation built in the input deck for the RELAP5 code utilized for T-H 

analyses is divided into 5 parallel hydraulic channels that are axially divided into 10 layers. 

For key phenomena prediction, the model of core contains options of typical LOCA 

phenomena (CCFL in core upper part, reflood model, energy generation from water-cladding 

reaction). The hot rod channel model for the RELAP5 code was taken into account. The 

evaluation of success criteria of safety systems is based on evaluation of the peak cladding 

temperature achieved in the hot rod channel. 

3.3 Operational personnel intervention 

The operator interventions were assumed in compliance with the Emergency 

Operational Procedures (EOPs) MO34. The operator carries out the actions according to the 

course of the transient and according to the changes of primary and secondary parameters. 

The first operator action occurs in the analyses only after carrying out several steps of 

procedure. The time needed for each step performance is not explicitly defined in any of the 

procedures and therefore the time for the first operator action in T-H analysis was defined and 

based on the performed analyses for EOPs MO34 and other T-H analyses. 
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3.4 Basic unit parameters for full power state 

Table 1 contains basic parameters by which the initial and boundary conditions of the 

T-H analyses are determined for reactor state at nominal power 1375 MW. It means that the 

column denominated as “Nominal value” contains the values of particular parameters for 

100 % Nnom. The pressure values calculated by computational codes are „absolute“, also the 

pressure values in this document are reported as absolute (MPaabs).  

Table 1: Basic unit parameters for full power state 

No. Parameter Dimension 
Nominal value used in 

calculation 

1 Thermal reactor power MW (%) 1375 (100) 

2 Primary pressure (at pressure vessel outlet) MPaabs 12.36 

3 Pressurizer level (from bottom) m 6.66 

4 Reactor volume flow rate m3/hour 42600 

 Reactor mass flow rate kg/s 9242 

5 Core mass flow rate kg/s 8734 

6 Fuel assembly volume flow rate m3/hour 114.0 

7 Main steam header pressure MPaabs 4.54 

8 Steam generator level (narrow scale) m 2.01 

9 Reactor inlet coolant temperature °C 268.0 

10 Reactor outlet coolant temperature °C 296.7 

11 Feed water temperature °C 216 

12 HPIs coolant temperature °C 55 

13 H3BO3 concentration of HPIs g/kg 40 

14 LPIs coolant temperature °C 55 

15 H3BO3 concentration of LPIs g/kg 12 

16 Hydro accumulator coolant temperature °C 60 

17 H3BO3 concentration of hydro accumulator g/kg 12 

18 Hydro accumulator water volume m3 min. 40 

 Total hydro accumulator volume m3 60 

19 Hydro accumulator initial pressure MPaabs 3.50 

20 Emergency feedwater pump temperature °C 25 

21 Fuel cycle - EOC 

4 SPECIFICATIONS AND EVALUATION OF THE ANALYSED SCENARIOS 

The specifications of the analysed scenarios for full power state are listed in the Table 2. 

Numbers of available ECCS subsystems are listed in columns 3-5. On the basis of the reached 

peak cladding temperature and value of reactivity after RTS actuation it is possible to specify 

a minimal number (combination) of ECCS subsystems to avoid core damage. 

The specifications of the analysed scenarios for shutdown reactor and spent fuel storage 

pool are listed in the Table 3. This table contains the steady-state characteristics of each 

analysed scenario. In the columns with results, there are three different values of times: the 

time of reactor vessel outlet nozzles uncovery, the time of core uncovery (time of uncovery of 

fuel assemblies in spent fuel pool), time of PCT exceeds 1200 °C. 
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Table 2: Comprehensive assessment of scenarios for full power 

ID Scenario 
Hydro 

accum. 
HPIs LPIs 

Operator 

action 

PCT 

[°C] 

React. 

> 0.0 $ 

Time to PCT 

reach 1200 °C 

A1 LOCA 500 at CL of loop No.1 2 0 1 No 647 No - 

B1 LOCA 300 at CL of loop No.1 1 0 1 No 375 No - 

C1 LOCA 200 at CL of loop No.1 0 0 1 No 829 No - 

C2 LOCA 200 at CL of loop No.1 0 1 1 No 662 No - 

D1 LOCA 100 at CL of loop No.1 0 0 0 No > 1200 No 23.8 min 

D2 LOCA 100 at CL of loop No.1 0 0 1 Yes > 1200 No 23.6 min 

D3 LOCA 100 at CL of loop No.1 1 0 1 Yes 479 No - 

D4 LOCA 100 at CL of loop No.1 0 1 0 No 375 No - 

E1 LOCA 60 at CL of loop No.1 0 0 0 No > 1200 No 44.5 min 

E2 LOCA 60 at CL of loop No.1 0 0 1 Yes 987 No - 

E3 LOCA 60 at CL of loop No.1 1 0 1 Yes 682 No - 

E4 LOCA 60 at CL of loop No.1 0 1 0 No 375 No - 

F1 LOCA 20 at CL of loop No.1 0 0 0 No 1) > 1200 No 4 h 13 min 

F2 LOCA 20 at CL of loop No.1 0 0 1 Yes 478 No - 

F3 LOCA 20 at CL of loop No.1 0 1 0 No 1) 375 No - 

G1 LOCA 7 at CL of loop No.1 0 0 0 No 1) > 1200 No 35 h 37 min 

G2 LOCA 7 at CL of loop No.1 0 0 1 Yes 523 No - 

G3 LOCA 7 at CL of loop No.1 0 1 0 No 1) 375 No - 

H1 
LOCA 32 at CL of loop No.1, 

containment bypass 
0 1 0 No > 1200 No 4 h 55 min 

H2 
LOCA 32 at CL of loop No.1, 

containment bypass 
0 0 0 No > 1200 No 1 h 52 min 

H3 
LOCA 32 at CL of loop No.1, 

containment bypass 
0 0 0 No 1) 375 No - 

I1 SG4 collector lid lift-off 0 1 0 No > 1200 No 12 h 11 min 

J1 MSH rupture, isolated break 2 0 0 No 1) 375 No - 

J2 MSH rupture, partially isolated break 2 0 0 No 1) 375 No - 

J3 MSH rupture, non-isolated break 2 0 0 No 1) 375 No - 

J4 MSH rupture, partially isolated break 2 0 0 No > 1200 No 11 h 20 min 

K1 LOCA 500 at CL of loop No.1 0 0 0 No > 1200 No 1 h 38 min 

K2 LOCA 300 at CL of loop No.1 0 0 0 No > 1200 No 4 h 13 min 

K3 LOCA 200 at CL of loop No.1 0 0 0 No > 1200 No 7 h 37 min 

K4 LOCA 100 at CL of loop No.1 0 0 0 No > 1200 No 12 h 15 min 

L1 Total LOOP 0 1 0 Yes 375 No - 

Note: 

1) The operator action is under consideration as part of initiating event (establishment of one 

EFW pump injection); the operator intervention leading to core cooling is not assumed. 
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Table 3: Comprehensive assessment of scenarios for shutdown reactor (for spent fuel pool) 

ID Scenario Steady state characteristic 
Operator 

action 

Results of scenarios 

(t3 - time, when PCT = 1200 °C) 

M1-a1 Loss of Natural 

Circulation – closed 

reactor  

TI.O. = 60 °C, 4 loops, 0 RCP No 
t1: 18 h 6 min; t2: 21 h 47 min;  

t3: 25 h 30 min 

M1-a2 TI.O. = 60 °C, 2 loops, 0 RCP 
No t1: 4 h 2 min; t2: 5 h 10 min;  

t3: 6 h 13 min 

M2-a1 

Loss of Natural 

Circulation – opened 

reactor 

Level + 11,52 m, 2 loops 
No t1: 1 h 56 min; t2: 3 h 56 min;  

t3: 5h 40 min 

M2-a2 Level + 21,00 m, 1 loop 
No t1: 65 h 59 min; t2: 69 h 33 min;  

t3: 74h 24 min 

M2-a3 Level + 10,92 m, 1 loop 
No t1: 4 h 38 min; t2: 9 h 24 min;  

t3: 13 h 49 min 

N1-a1 

Loss of Cooling – 

closed reactor 

TI.O. = 140 °C, 6 loops, 

0 RCP 

No t1: 38 h 34 min; t2: 40 h 13 min;  

t3: 43 h 41 min 

N1-a2 TI.O. = 60 °C, 2 loops, 0 RCP 
No t1: 7 h 45 min; t2: 9 h 8 min;  

t3: 11 h 1 min 

N1-a3 
TI.O. = 130 °C, 6 loops, 

0 RCP 

No t2: 177 h 55min;  

t3: 179 h 44 min 

N2-a1 

Loss of Cooling – 

opened reactor 

Level + 11,52 m, 2 loops 
No t1: 5 h 15 min; t2: 7 h 27 min;  

t3: 10 h 20 min 

N2-a2 Level + 21,00 m, 1 loop 
No t1: 74 h 16 min; t2: 78 h 5 min;  

t3: 83 h 55 min 

N2-a3 Level + 10,92 m, 1 loop 
No t1: 8 h 41 min; t2: 13 h 10 min;  

t3: 20 h 53 min 

N3 

Loss of Cooling in 

primary circuit and in 

SFSP 

Level + 21.00 m 

No 
t2CORE: 74 h 9 min; t2BSVP: 165 h 14 

min;  t3: 75 h 36 min 

O1 

Drainage of primary 

circuit – opened 

reactor 

Level + 11.52 m, LOCA 32 
No t1: 1 h 46 min; t2: 4 h 45 min;  

t3: 6 h 44 min 

O2-1 Level + 21.00 m, LOCA 500 
No t1: 4,5 min; t2: 2 h 38 min;  

t3: 6 h 9 min 

O2-2 Level + 21.00 m, LOCA 32 
No t1: 17 h 50 min; t2: 24 h 2 min;  

t3: 27 h 27 min 

O3 Level + 10.92 m, LOCA 32 
No t1: 1 h 33 min; t2: 7 h 39 min;  

t3: 12 h 33 min 

P1 
Loss of Cooling in 

SFSP 

FAs in base grid as well as in 

reserve grid 

No t2: 29 h 36 min;  

t3: 40 h 0 min 

P2 FAs only in base grid 
No t2: 110 h 50 min;  

t3: 156 h 28 min 

Notes: 

t1 -  time of reactor vessel outlet nozzles uncovery 

t2 -  time of core uncovery (for shutdown reactor scenarios); time of uncovery of fuel 

assemblies in spent fuel pool (for spent fuel pool scenarios) 

t3 -  time of PCT exceeds 1200 °C - time of core damage beginning 
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5 CONCLUSION 

This paper briefly discusses the T-H analyses elaborated as a support for PSA Level 1 

for Mochovce NPP. 31 scenarios for full power and 18 scenarios for shutdown reactor and 

spent fuel pool were analysed.  

On the basis of the evaluated safety system criteria for full power, it is possible to 

determine the minimal configuration of the safety system, which is necessary for safety 

system criteria fulfilment. These criteria are not fulfilled (peak cladding temperature 

> 1200 °C) and core damage takes place mostly in this case, where none ECCS system is 

assumed or only one ECCS system is in operation. Criticality after reactor trip is not achieved 

and sufficient sub-criticality is maintained in any of analysed scenarios. 

In scenarios for shutdown reactor and for spent fuel storage pool, where loss of cooling 

or loss of natural circulation takes place, time of reactor vessel outlet nozzles uncovery, the 

time of core uncovery (time of uncovery of fuel assemblies in spent fuel pool) and the time of 

core damage beginning are sequentially evaluated. The time of core damage is dependent on 

the steady state characteristic of evaluated scenarios. 

The results of the analyses shown in this paper are input variable for the probabilistic 

risk assessment (PSA), whose main concern is to identify the accidents which lead to core 

damage in event trees and to quantify their frequency of occurrence. 
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