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ABSTRACT 

 
In the last years NPP Paks initiated several projects aiming at the introduction of new fuel types resulting in 
increased maximum allowed power and more economic fuel cycles. Modifications of the absorber assembly coupler 
part, increased average enrichment, modification of the lattice pitch, profiled enrichment are the most important 
changes. The increased power and parallel application of new fuel types require the renewal of the relevant chapters 
of the Safety Analysis Report, which is necessary because of the modified core nuclear properties, reloading 
schemes, power histories, thermal-mechanical conditions. The Fuel System and Accident Analyses are the most 
important chapters from this point of view. The fulfillment of the fuel design basis requirements, summarized briefly 
also in the paper (see Appendices 1,2), must be investigated during the normal and selected accidental conditions 
(see Chapter 1). Core design, thermal hydraulic and reactor physics accident analysis, stationary and transient fuel 
behavior calculations are necessary for proving the fulfillment of the acceptance criteria detailed in the Appendices. 
The characteristics of the different codes, the data transfer between them are detailed in the paper in Chapter 2. Due 
to the modified reloading schemes and reactor physics characteristics, reactivity initiated accidents requiring 3D 
kinetic analyses coupled to the system thermal hydraulic calculation are of special importance from this point of 
view. The analysis of the initiating event “starting of one inactive loop” is presented in Chapter 3 as a characteristic 
example.  
 

1 SELECTION OF THE INITIATING EVENTS 
 

For licensing of a new fuel type not all the safety analyses of Chapter 15 must be repeated but a limited 
set can be selected after a careful investigation. The given set must be analyzed due to the following 
reasons: 
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• Refueling pattern and consequently the 3D burnup, flux and power distributions can be changed 
significantly. In this case the analysis of the space-time dependent initial events (e.g. control rod 
ejection) have to be repeated. 

• On the basis of core design reactor physics calculations, the "frame parameters" must be 
modified. The thermal hydraulic calculation using point kinetic approach, which are sensitive to 
the given "frame parameter", must be repeated. 

• The fuel material and geometric data can be changed consequently the thermal-mechanical 
properties can be different from the original safety investigations. In these cases at least the fuel 
behavior calculations have to be repeated. 

• Calculations of initial events having very mild consequences according to the earlier analyses are 
not to be repeated. 

 

According to the above principles, in the analyses the following initiating events were analyzed: 

• Large break loss of coolant accident 

• Control rod ejection 

• Inadvertent withdrawal of a control rod group without scram (ATWS) 

• Inadvertent withdrawal of a control rod group 

• Malfunction of the boron and volume control system 

• Steam line break 

• Inadvertent closure of 6 MSIVs 

• Seizure of one MCP rotor 

• Stuck control rod in upper and lower position 

• Inadvertent connection of one closed loop 

• Erroneous loading of one fuel assembly 

• Erroneous loading of one fuel pin (enrichment profiling) 

 

As it can be seen, reactivity initiated accidents and ATWS events are of greater importance than usually 
because the refueling pattern and consequently the 3D burnup flux and power distributions can change 
significantly. 
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2 CODES AND METHODS USED 
 

The used codes and data transfer between them is presented in Fig. 1. As it was discussed in point 1, the 
use of a new fuel type usually leads to modified reloading schemes and reactor physics properties of the 
core. Consequently, in the first step of the analyses, the reactor physics core design calculations had to be 
performed by the KARATE code system [1]. The power peaking factors, reactivity coefficients etc. and 
their enveloping values, the so called “frame parameters” (see Appendix 3) were obtained from these 
calculations. Classical DBA analyses were performed starting from the results of the core design 
calculations by using the ATHLET [5], RELAP [6], KIKO3D [3] and SMATRA [4] codes. The steady 
state fuel behavior calculations aiming at the investigation of the fuel design criteria of the Normal 
Operation and certain AOO events were using the power histories calculated by KARATE. The START-3 
code [2] was used for this purpose. The hot channel calculations built in the DBA analysis code [3-6] 
were satisfactory for evaluation of the fuel design criteria in many cases, but in the most serious cases 
(Control Rod Ejection, Large Break LOCA, ATWS), the RAPTA-5[7] transient fuel behavior code had to 
be applied for this purpose. 

 

In case of asymmetric reactivity initiated transients special attention is to be paid to the common coupled 
use of 3D kinetics and thermalhydraulics. The data transfer of the coupled calculation is illustrated in Fig. 
2, while the codes are detailed below. 

 

KIKO3D is a three-dimensional reactor dynamics program for coupled neutron kinetics and 
thermohydraulics calculation of VVER type pressurized water reactor cores [3].  The code has been 
developed in the KFKI Atomic Energy Research Institute. Main applications of KIKO3D are the 
calculation of asymmetric accidents in core, e.g. control rod ejection, start-up of inoperable loop, 
inadvertent control rod withdrawal. The above - so called - middle-fast transients play an important role 
in safety analyses. The modeling of the faster transients characterized by the pressure waves spreading at 
sonic velocity is out of the scope. 

 

KIKO3D is a nodal code; the nodes are the hexagonal or rectangular fuel assemblies subdivided into axial 
layers. Typical numbers of assemblies and axial layers for a VVER-440 core are 349 and 10, respectively. 
The symmetries of full and 1/2 core can be used. The thermohydraulics is calculated in separate axial 
hydraulic channels of the core, each of which relates to one fuel assembly. The conservation equations of 
mass, energy and momentum are solved for liquid and vapour phases. In order to get an accurate 
representation of the fuel temperature feed-back, a heat transfer calculation with several radial meshes is 
done for an average representative fuel rod in each node. The release of prompt and delayed nuclear heat 
in the fuel is modeled. In the present version of the code, the VVER-440 correlations are used in the 
thermohydraulical module. 

 



5th International Conference on Nuclear Option in Countries with Small and Medium Electricity Grids 
Dubrovnik, Croatia, May 16-20, 2004. 
 

 

 

4

The neutron kinetics model of KIKO3D solves the two-group diffusion equations for homogenized fuel 
assemblies. Special, generalized response matrices of the time dependent problem are introduced. The 
unknowns are the scalar flux integrals on node boundaries. The time dependent nodal equations are 
solved by using the IQS (Improved Quasi Static) factorization method. 

 

The ATHLET (Analysis of Thermal-hydraulics of Leaks and Transients) system thermal hydraulic code 
[5] is a well verified computer code developed by the Gesellschaft fur Anlagen- und Reaktorsicherheit 
(GRS). It has a wide range of application for the analysis of anticipated and abnormal plant transients, 
small and intermediate leaks as well as large breaks in PWRs and BWRs. ATHLET offers the possibility 
of choosing between different models for the simulation of fluid-dynamics. A two-fluid, 6-equation 
model, with completely separated equations for mass, energy and momentum for both phases, taking into 
account also non-condensables is included in the last release version. In our calculations the 1.2A version 
is used with the option of 5 equations. 

 

There are two possibilities for the coupling of KIKO3D to ATHLET thermal hydraulics: 

• Coupling of 3D neutronics models to the system code that models completely the thermal-
hydraulics in the primary circuit including the core region. In this case ATHLET  obtains the heat 
source from the decay heat model of KIKO3D. The fuel and moderator temperatures, moderator 
densities, boron concentrations necessary for the feedback in KIKO3D originate from the 
ATHLET program. The drawback of this method is that the assumed discretization of the system 
thermohydraulic code is too coarse to take into account the node-wise feed-back effects.  

• Parallel running of the two programs. In this case KIKO3D obtains inlet flow rate, enthalpy, 
boron concentration distribution and outlet pressure from ATHLET. ATHLET performs 
calculations in the core too. KIKO3D calculates the time dependent heat source distributions. 

 

SMATRA is an accident analysis code developed in Technical Research Center of Finland for VVER 
analyses [4]. It couples dynamically the core model of the axially one-dimensional reactor dynamics code 
TRABCO and the thermohydraulic circuit model SMABRE. It is intended for applications, where the main 
spatial effects occur in axial direction, e.g. RIA and ATWS. 

 

SMATRA includes 1D models for two-group neutronics, fuel rod heat transfer, and thermal hydraulics of 
typical coolant channel. Fuel temperature rise after boiling crisis and clad oxidation are modeled as extreme 
phenomena. TRAB core model of SMATRA can be used separately for hot channel analyses on the basis of 
the output files of the main calculations made with SMATRA 1D or other 3D dynamic code, e.g. KIKO3D. 
The circuit hydraulics of SMABRE consists of five conservation equations for mass and enthalpy of vapor 
and liquid and the momentum for the mixture.  

 

The transfer functions between the core periphery and the ionization chambers of the ERPS (Emergency 
Reactor Protection System, see also Fig. 2) were determined by the MCNP Monte-Carlo code. 



5th International Conference on Nuclear Option in Countries with Small and Medium Electricity Grids 
Dubrovnik, Croatia, May 16-20, 2004. 
 

 

 

5

 

 

 

Figure 2.  The coupled 3D kinetics and thermal hydraulic calculations (including hot channel analysis) 
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Figure 1. The used codes and data transfer between them
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4 ANALYSIS OF INADVERTENT OPENING OF ONE INACTIVE LOOP 
 

In this group of the initiating events the following three transients were investigated: 

Case a. 3 loops are working just before the opening, conservative assumptions concerning the fuel failure 
criteria 

Case b. 5 loops are working just before the opening, conservative assumptions concerning the fuel failure 
criteria 

Case c. 5 loops are working just before the opening, conservative assumptions concerning the primary 
pressure criterion 

 

In all above cases, the reactivity and power rise are caused by the low boron content of the coolant entering 
the core. 

 

At EOC, before the transient, the reactor is operating at nominal power. It is assumed that the power is 
decreased to zero level, but the reactor is critical. One or three MCPs (Main Circulation Pumps) are stopped 
at this reactor state. Furthermore, the two MIVs (Main Isolation Valves) of one stopped loop are closed for 
the maintenance work. After a few days the xenon poisoning decreases to zero level and the originating 
excess reactivity is compensated by a boron injection of the make-up system. Then the reactor is reloaded to 
a conservative power level (32 % in case of 3, and 79 % in case of 5 working loops), which is reached 
mostly by the withdrawal of the working control rod group. The boron concentration in the primary (with 
exception of the closed loop) is 2,9 and 2,1 g/kg in case of 3 and 5 working loops, respectively. The loop 
under the maintenance work had been closed already before the boron concentration increase, therefore the 
boron concentrations here is zero. It is supposed that after the maintenance works the operator erroneously 
starts the closed loop without compensating the boron concentrations. (In the Figures this time point 
corresponds to 400 s.) 

 

The coolant with low boron content by entering the core leads to a fast and asymmetric reactivity insertion 
and power rise, therefore the coupled KIKO3D-ATHLET code [3,5] had to be applied. The hot channel 
investigations (in Cases a. and b.) were performed by the TRABCO program [4].  

 

The initial power just before the dilution was selected in a conservative way, according to the scram and the 
UPC (Unit Power Controller) settings (the latter one depending on the number of the working loops).  The 
goal was to reach the maximum power and power increase in the time of the scram actuation. Another, 
secondary aim was to reach the maximum critical boron concentration in the working loops. In case of 3 
working loops, the maximum allowed power (according to the UPC settings) is 50 %. In this case, the scram 
due to the high flux level (measured by three ionization chambers) is set to 65 %. The lowest power level 
leading to the same scram signal is 32 %, which is the conservative starting power leading to the maximum 
power increase and to the highest critical boron concentration in the working loops. In case of 5 working 
loops, the maximum allowed power according to the UPC settings is 83 %, the flux level actuating the scram 
signal is 105 %, and the lowest power level leading to the same scram signal is 79 %.  

 

The timing of the scram signal is influenced to a great extent by the asymmetric character of the transient. 
Namely, the voting logics of the ERPS (Emergency Reactor Protection Systems) results in a scram signal if 
the flux level exceeds the limit value at least in two of the three ionization chambers. The limit values are 
corresponding to an azimuthally symmetric flux distribution; therefore if one ionization chamber is located 
just in front of the power peak, the two other ones are reaching the limit values only at a significantly higher 
reactor power. The closed loop was selected in a conservative way according to the above considerations. 
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The MCP in the closed loop was started after the opening the two MIVs according to the usual procedures 
and the obtained loop flow rate is shown in Fig 3. 

 

In Cases a. and b., minimal mixing was applied in the down comer and in the lower plenum, which is a 
conservative assumption concerning the fuel acceptance criteria. It turned out that concerning the pressure 
criteria (Case c.) a smaller mixing is a conservative assumption, because it leads to a slower power increase 
and the first scram signal is initiated not from the high power level but from the high primary pressure 
(P>13.7 MPa). 

 

The boron concentration of the coolant entering the pressure vessel is shown in Fig.4, while that at the core 
inlet for the sector belonging to the same loop is shown in Fig. 5. The reactivity values presented in Fig. 8 
show that the scram actuation is reached relatively early in Cases a. and b. (in Case a. somewhat earlier), 
while in Case b. only significantly later, when the primary pressure reaches its maximum (see Fig. 7).   

 

The currents of the three ionization chambers are presented in Fig. 6 only for Case a., which leads to the 
highest excess reactivity. It can be seen that the asymmetric character delays the scram actuation time to a 
great extent.  

 

The nuclear power of the reactor is shown in Fig. 9 for the three investigated cases. Although the reactivity 
increase is larger for Case a. (3 loops) (see Fig. 8), the larger power maximum is obtained for Case b. (5 
loops) due to the larger initial reactor power. On the other hand, the power maximum of the sector belonging 
to opened loop already is the largest in Case a., that is the consequence of the strongly asymmetric 
azimuthally power distribution. This tendency is even more significant for the most loaded fuel pin (see Fig. 
11), which shows, at the same time, the influence of the increasing power peaking inside the sector. 

 

The hot channel calculations results are shown in Figs. 12-15. The prolonged character of the power 
transferred to coolant in Fig 12 is the consequence of the difference between the nuclear power and the linear 
heat rate. Boiling crisis is experienced neither in Case a., nor in Case b., but in Case a. (3 loops) the 
minimum value (1.31) is not far from the criterion (1.16) (see Fig. 13). The highest fuel centerline 
temperature is far from the melting point (Fig 14). In the hottest channel the void content is significantly high 
(see Fig. 15). The acceptance criteria are fulfilled in both cases. Concerning the conservative analysis aiming 
at the maximum pressure, it cannot exceed the opening pressure of the pressurizer, therefore the acceptance 
criterion is satisfied with a large reserve.  
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 Figure 3.  Flow rate of the opened loop 

 

 Figure 4.  Boron content of opened loop at the inlet nozzle 
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 Figure 5.  Boron content of the coolant at core sector belonging to the opened loop 

 

 Figure 6.  Currents of the 3 ionization chambers in case of 3 loops  
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 Figure 7.  Pressure in the upper plenum 

 

 Figure 8. Reactivity 
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 Figure 9.  Nuclear power of the reactor 

 

 Figure 10. Nuclear power of the first sector (from the six) belonging to the opened loop 
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 Figure 11.  Nuclear power of the most loaded fuel pin 

 

Figure 12.  Maximum linear heat rate of the most loaded fuel pin 
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 Figure  13. DNBR in the hottest subchannel   

 

 

 Figure 14.  Maximum centerline temperature in the hottest fuel pin 
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Figure 15.  Volumetric void content in the hottest subchannel 

 

 

5 CONCLUSIONS 
 

• Sound basis of licensing methodology, safety analysis, and necessary computer codes for the VVER 
power uprate and parallel fuel modernization is available. (See Chapter 2 and Appendices). 

• The potential of the computer codes is demonstrated by the analyses of the initiating event “startup 
of one inactive loop”, that requiring coupled 3D neutronics and thermal hydraulic calculations. 

• The asymmetric flux distribution must be taken into account for the scram signal timing. Not taking 
into account this effect can lead to rather nonconservative results in case of transients leading to 
azimuthally asymmetric power rise. This was demonstrated by the analyses of “startup of one 
inactive loop”, but other transients (withdrawal of one control rod, initial phase of Main Steam Line 
Break) can be also concerned. 
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APPENDIX1: CRITERIA FOR NORMAL OPERATION (NO) AND ANTICIPATED 
OPERATIONAL OCCURRENCES (AOO) 

  
Fuel pin design 

 Stability criteria 

  Stress corrosion cracking of the cladding   

Ultimate stress of cladding 

  Fuel rod collapse (maximum pressure of coolant)   

Cladding fatigue  

Linear heat rate ramp  

Deformation criteria 

  Cladding diameter reduction 

  Cladding elongation 

 Thermal criteria 

  Fuel temperature   

Fuel rod internal pressure  

Linear heat rate (only for NO)   

Radial averaged enthalpy  

Oxidation of cladding outer surface (corrosion criterion) 

 Fretting corrosion 

 Hydride concentration of cladding 

Thermal hydraulic design 

 Critical heat flux 

 Avoiding assembly lift off 

 Hydraulic stability 

Reactor physics design (only for NO) 

 Maximum pin power  

 Isothermal reactivity coefficient 

 Differential control rod reactivity worth 

 Subcriticality of the storage and transport devices 

 Shut down margin 

Burnup (pellet, pin, assembly) 
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APPENDIX 2: CRITERIA FOR POSTULATED ACCIDENTS 
Stress criteria for the other structural components (assembly wall, spacers etc.); different safety factors for NO, NO + LOCA, NO + 
Earth quake  

Maximum cladding temperature 

Oxidation of cladding 

Radial averaged enthalpy 

APPENDIX 3: FRAME PARAMETERS OF THE SAFETY ANALYSES  
Maximum core inlet temperature 

Minimum flow rate 

Maximum linear heat rate 

Maximum pin power 

Maximum assembly power 

Maximum burnup of pellet, pin and assembly 

Moderator temperature reactivity coefficient 

Fuel temperature reactivity coefficient 

Boron concentration reactivity coefficient 

Maximum reactor power 

Shut down margin 

Excess reactivity at BOC 

Maximum reactivity of one control assembly 

Maximum and minimum reactivity of the working control rod group 

Recriticality temperature 

Minimum rod drop time 

Minimum scram reactivity 

Effective delayed neutron fraction 
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