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ABSTRACT 

The realistic analysis of accident conditions requires the extension of thermohydraulic 
plant system codes with 3D neutronics models. Recently many activities have been performed 
to develop, verify and validate such coupled codes. 

During the last years the thermohydraulic system code ATHLET developed by GRS 
was coupled to the 3D neutronic code KIKO3D developed by KFKI AEKI in order to 
simulate time dependent behavior of the VVER NPP. The 6-loop ATHLET input model 
worked out by AEKI assures the more precise characterization of the primary system. 

As an example of application, results are presented for the AER6 Benchmark, which is 
a VVER specific Main Steam Line Break (MSLB) transient. Emphasis is given to one of the 
basic problems of coupled codes, namely the effect of the slightly different nodalization in the 
core vessel. 

1 INTRODUCTION 

The Russian type pressurized water reactors (VVER) differ from the western type 
pressurized water reactors (PWR) due to their hexagonal fuel assemblies, their horizontal heat 
exchanger design and their six loop primary system. Therefore a special 3D dynamic code 
KIKO3D, coupled to the well-known thermohydraulic system code ATHLET had been 
developed to analyze their characteristics. This new software is used in safety analysis to 
perform more realistic analysis of accident conditions with a strong coupling between 
neutronics and fluid-dynamics in the primary circuit. One way to verify the performance of 
these computer codes is to develop plant transient benchmarks for which coupled system 
codes can be utilized. 

A series of hexagonal three-dimensional dynamic benchmark problems have been 
defined during the last decade in the international VVER cooperation forum Atomic Energy 
Research. The first problems were some asymmetric control assembly ejections from low 
power level in a realistic VVER-440 core fuelled by the usual three different enrichments. 
The complexity of the models had to be used in the benchmarks has been continuously 
increased. The results and the inter-comparison of the first three tasks have been published 
[1]. The goal of the latest three cases is to validate systematically coupled neutron kinetics/ 
thermohydraulics code systems for the estimation of the transient behavior of VVER type 
plants [2-3]. The 6th benchmark concerns a double ended break of one the main steam lines 
(asymmetrical MSLB) in a VVER plant [4]. The core is at the end of the first cycle in full 
power conditions. The asymmetric leak causes different depressurization of all steam 
generators. Asymmetric operation of the feed water system and the consideration of the 
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incomplete coolant mixing in the reactor vessel increase the complexity of the problem. 
During the transient, scram was initiated with the conservative assumption that two of the 
most reactive control assemblies in the highest overcooling sector are stuck at their upper 
position. Several actions of safety-related systems are taken into consideration in this 
benchmark. 

The solution of the problem obtained by the code package KIKO3D/ATHLET is 
presented. Comparing two calculations, which differ only in the nodalization of the upper 
plenum, shows the advantages of using coupled 3D codes with a suitably detailed input data 
set. 

2 METHOD OF ANALYSIS 

2.1 Code Description 

Recently AEKI has developed a code system for the analysis of the whole VVER plant 
behavior under accident conditions. It is based on the thermohydraulic system code ATHLET 
developed by the Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) and the 3D reactor 
kinetic code KIKO3D. 

The ATHLET 1.2A code [5] offers the possibility of choosing between different 
models of thermohydraulics. The two-phase flow is described either by a 5-equation model or 
a full 6-equation model for mass, energy and momentum of both phases including models for 
non-condensable. The code structure is highly modular and allows an easy implementation of 
different physical models, such as thermo-fluiddynamics, neutron kinetics, General Control 
Simulation Module and numerical integration method. ATHLET provides a modular network 
approach for the representation of the thermal-hydraulic system. 

The simulation of the 3D core behavior is performed by the KIKO3D code [6] 
developed by KFKI AEKI. It solves the two group diffusion equations in homogenized fuel 
assembly geometry with a special advanced model method, where generalized response 
matrices of the time dependent problem are introduced. The unknowns are the scalar flux 
integrals on the boundaries. The time dependent nodal equations are solved by using the 
Improved Quasi Static factorization method. Its thermohydraulic model calculates each fuel 
assembly as separate axial hydraulic channel by using three conservation equations. The heat 
transfer calculation with several radial meshes is done for an average fuel rod in each node. A 
four-group decay heat model is built into the code. 

The coupling approach for the neutronics model implemented in ATHLET has been 
employed [7]. It is based on a general interface, which separates data structures from 
neutronics and thermo-fluiddynamics codes and performs the data exchange in both 
directions. In case of internal coupling the fluid-dynamic equations for the primary circuit and 
the flow channels in the reactor core region are completely modeled and numerically solved 
by the ATHLET methods. The time integration in the neutronic code KIKO3D is performed 
separately. The time step size and the accuracy control are preferably done by the ATHLET 
code. The coupling allows a flexible mapping defined by the ATHLET input between fuel 
assemblies of the core loading and the thermohydraulic channels. The axial meshes for the 
two codes can be defined independently. To make the system code more flexible, another 
approach of coupling (the so called parallel coupling) was developed. In this case the inlet 
temperature, flow rate and outlet pressure of the assemblies are given by ATHLET and the 
feedbacks are calculated by the thermohydraulic code of KIKO3D, too. Even though the 
codes calculate the thermal distributions, the core dynamics is based on the KIKO3D results. 
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2.2 3D Neutronic Core Model 

The initial reactor state corresponds to the full power, end of cycle conditions of the 
standard first core loading of a VVER-440 reactor [4]. The 3D burnup distribution was 
developed by the KARATE-440 code. Our own best estimate nuclear library was used, 
however the re-criticality temperature was fixed at 210 ºC, which was reached by tuning the 
efficiency of control rods. The best estimate isothermal reactivity coefficient was -29.8 pcm/K 
and the efficiency of scram rods was -3571 pcm (5397 pcm before tuning). Due to the very 
asymmetric control assembly perturbation postulated in the problem description, the full core 
(349 assemblies) was calculated. The total length of the active core was divided into 10 axial 
layers. The first 5 groups of control banks are fully withdrawn and the 6th one at position of 
175 cm from the bottom of the core. The critical boron concentration is 0.0 g/kg. During the 
transient calculation the reactor scram was initiated with the conservative assumption that two 
of the most effective control assemblies in the sector going to be overcooled are stuck at their 
upper positions (see Fig. 1). The scram is actuated by power level signal “110 % of nomP ” 
with a 0.5 sec time delay. In the calculation the internal coupling option was used and the fuel 
assemblies were grouped into 20 ATHLET super channels. 

Figure 1: Location of Control Assemblies in VVER-440 core 
 

2.3 Thermohydraulic Plant Model 

Because of the important differences between the western type PWR and the VVER-
440/213, special attention was paid to develop and test the suitable input deck. In the first 
application a simplified two loop model was used for the simulation of the NPP [7]. 

Due to the fact that the six primary circuits are partly separated from each other a 6 loop 
input model with six separate vessel segments was developed for the ATHLET code. The 
input model is able to handle the emergency core cooling systems (ECCS), control and 
protection systems in accordance with the six loops and in addition, the reactor vessel is 
divided into six segments. The more detailed description is expected to reflect the 
asymmetrical behaviour of the loops during the transient and to take into account safety 

® stuck control assembly 

 control assembly 

  fuel assemblies according to 
superchannels 
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systems (HPIS, LPIS and HAs) distributed loop by loop. Coolant mixing in the downcomer is 
modeled. Junctions (single junction pipe, see [5]) are introduced among the nodes of the 
downcomer and lower plenum to fit the cross flow, which are prescribed from the results of 
the former CFX calculations. The assemblies of the segments of the core can be bounded into 
superchannels specified in the input. 

The bundle of the horizontal Steam Generator is divided into three parts (50/30/20 %) in 
the primary side and five in secondary side. Three of the nodes contain the U tubes. 

The primary and secondary circuits of the VVER type NPP are modeled by 12 
fluiddynamic systems. 20 super channels were used in the core, in case of internal coupling 
calculation. 

A usual simplification in the nodalization, that the top of the upper plenum is considered 
as one segment (thermofluid object). It means that the coolant mixing is perfect at the outlet 
of the reactor vessel and one fluid dynamic system is enough to model the primary system. 

The necessity of the detailed thermohydraulic nodalization is going to be shown by 
comparing two solutions of the benchmark. In the first case the detailed nodalization was used 
(Case A), while in the second case the nodes of the upper segments of the upper plenum were 
unified (Case B). 

3 RESULTS 

Two calculations were performed. First the newly developed 6 detached loop model 
was used (Case A). The calculation was repeated by using a modified ATHLET input model, 
where the upper most regions of the upper plenum of the six loops were unified (Case B). The 
core model and reactor physics parameters were the same in both cases, full power steady 
state condition was set up before the transient. The perturbation due to prescribed events was 
strong enough, so there is no significant difference at the first part of the transient. Later on as 
the effect of the asymmetric cooling becomes more important the influence of the common 
upper plenum node is characteristic. 

The sequence of events and the core parameters in the characteristic time points are 
summarized in Table 1. The time dependent behaviour of some main parameters calculated by 
the different input sets are shown in Figs. 2-9. 

 
3.1 Course of the Transient 

The double ended break in the second steam line causes depressurization of the given 
steam generator (SG2) and decrease of pressure in all other steam generators. Firstly mainly 
liquid, then only steam flow through the break of the SG2, the secondary pressure decreases 
and it leads to the decrease of the primary pressure and the coolant temperature. Due to the 
positive reactivity insertion scram is initiated and the turbines are turned off. The main steam 
header pressure drops below its set point (3.0 MPa) and the steam isolation valves are closed. 
Consequently, mainly the damaged steam generator performs the primary side cooling during 
the further part of the transient and an asymmetric inlet temperature distribution is developed. 
Due to the stuck control assemblies and the coolest inlet temperature the recriticality can be 
observed in the damaged sector of the core and a second power maximum appears. The 
initiation of the HPIS and consequently the injection of the highly borated water into the core 
stops the power generation.  

 
3.2 The Effect of the Modified Nodalization 

The common segment of the upper plenum causes a full mixing in the coolant at the 
outlet of the vessel. It does not make large differences in the main characteristics of the two 
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calculations, but some key figures of the transient change remarkable, such as the power of 
the most loaded assembly and the time dependence of reactivity. The transient is slower and it 
is stopped before the boration due to HPIS, in Case B. After the scram, when the asymmetric 
core cooling forced by the broken secondary side causes some reactivity insertion the effect of 
the nodalization appears at about 50.0 s. 

Because of the full mixing in the upper plenum (Case B), the hot leg temperature of the 
damaged loop is higher. The hot coolant could transfer more heat to the secondary side 
through the SGs (Fig. 8) and it has the following results: 
• the heat reduction is not enough to cool down the damaged loop (Fig. 6 and Fig. 7) and 

keep it in close to the recriticality condition (Fig. 3), 
• the second maximum is much smaller in the second calculation (Fig. 2 and Table 1), 

however the cooling down in the primary circuit is higher in the second case, as it can 
read from the pressurizer collapsed level and the pressure of the upper plenum (Fig. 5 and 
Fig. 4),  

• the damaged SG became empty in Case B and it could not delivery heat from the primary 
system (Fig. 8 and Fig. 9). It is the reason that the temperature of the damaged loop 
increases in Case B (see Fig. 7), 

• even the average cooling of the six loops is higher in the second case (see Fig. 4-5 and 
Fig. 6-7) the core could not keep close to the recriticality, due to the higher inlet at the 
damaged loop. The second power maximum is smaller in Case B. 

 
Table 1: Chronology of events 

Event Case A Case B 
Begin of break opening 
Total core power 
Total fission power 

0.0 
1374.4 
1278.5 

s 
MW 
MW 

0.0 
1374.4 
1278.5 

s 
MW 
MW 

Break is fully open 0.10 s 0.10 s 
Start of 1st make up pump 5.79 s 5.75 s 
Pressurizer (PRZ)-Heater group 1 on 7.79 s 7.74 s 
PRZ-Heater group 2 on 13.99 s 13.95 s 
Scram value reached 
Total core power 
Total fission power 

13.90 
1503.5 
1405.8 

s 
MW 
MW 

13.90 
1503.5 
1405.8 

s 
MW 
MW 

Reactor Trip 14.40 s 14.40 s 
PRZ-Heater group 3 on 17.38 s 17.35 s 
PRZ-Heater group 4 on 22.42 s 22.37 s 
Start of 2nd make up pump 45.79 s 45.75 s 
PRZ-Heater groups off 51.57 s 51.05 s 
HPIS signal (from PRZ level<2.41 m) 54.25 s 53.66 s 
Pressure in MSH < 3.0MPa 64.44 s 60.83 s 
Begins of HPIS supply (time delay: 180 s) 234.50 s 233.66 s 
Second power maximum 
Total core power 
The max. assembly power 

235.60 
130.3 

    2.18 

s 
MW 
MW 

188.23 
  84.60 
    1.12 

s 
MW 
MW 

End of calculation 400.0 s 400.0 s 
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4 CONCLUSIONS 

An asymmetric VVER-440 specific MSLB transient defined as the AER6 benchmark 
was simulated by the KIKO3D/ATHLET coupled system code. Meanwhile a very detailed 
input deck of ATHLET comprising 6-loop nodalization was successfully tested. Comparing 
two calculations where in the second case the 6 upper plenum nodes of the segments of vessel 
were unified proved the necessity of the new input deck. 

Though it is physically plausible fact in this transient that the smallest percent of mixing 
gives the lowest temperature in the sector with broken loop and maximum secondary power 
rise the common upper plenum node is widely used as it makes the calculation easier. The 
effect of this simplification is shown. 

The comparison reveals the necessity of the improvement of the modeling of different 
parts of the NPP and the necessity of performing variation calculations. 
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Fig. 2:   Total nuclear power Fig. 3:   Reactivity 

 

 

 

 

Fig. 4:   Upper plenum pressure Fig. 5:   Pressurizer collapsed level 
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Fig. 6:   Core inlet coolant temperature (Case A) Fig. 7:   Core inlet coolant temperature (Case B) 

 

 

 

 

Fig. 8: Transferred power to secondary side in the SG Fig. 9: Pressure in the SG 

 


