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ABSTRACT 

The paper gives an overview of the recent developments of a new reactor 

pressure vessel (RPV) model of VVER-1000 for the coupled system code 

ATHLET/BIPR-VVER. Based on the previous experience a methodology is 

worked out for modeling the RPV in a pseudo-3D way with the help of a 

multiple parallel thermal-hydraulic channel scheme that follows the hexagonal 

fuel assembly structure from the bottom to the top of the reactor. The results 

of the first application of the new modeling are discussed on the base of the 

OECD/NEA coupled code benchmark for Kalinin-3 NPP transient. Coolant 

mass flow distributions in reactor volume of VVER 1000 reactor are 

presented and discussed. It is shown that along the core height a mass flow re-

distribution of the coolant takes place starting approximately at an axial layer 

located 1 meter below the core outlet. 
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1. INTRODUCTION 

Correctly modeling of the 3D coolant parameters’ distribution in the core is of great 

importance by the coupled code calculations. The application of a three-dimensional neutron 

kinetics for the analysis of the space-dependent power distribution demands detailed 

knowledge of the effects of the feedbacks determined mainly by the time evolutions of the 

local thermal-hydraulics parameters' distributions like fuel temperature, coolant density, 

Boron concentration etc.. 

The study presented in this work is directly initiated and connected with the OECD/NEA 

coolant transient Benchmark [K-3] on measured data at Kalinin-3 NPP [1] and OECD/NEA 

Uncertainty Analysis in Modeling (UAM) Benchmark [2]. It demonstrates the application of 

the system code ATHLET for the purpose of modeling 3D objects with the help of parallel 

thermal-hydraulic channel (PTHC) technique considering cross flows among the channels. 
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The results and the discussions presented are related mainly to the recent developments 

performed to increasing the accuracy of 3D modeling of the reactor pressure vessel of VVER-

1000 (basic variant 320) with the coupled code system ATHLET/BIPR-VVER [3] which has 

been applied to predict in-core local thermocouple (TC) and self-powered neutron detector 

(SPND) measurements data available for the OECD/NEA Kalinin-3 Benchmark 'Switching 

off of one of the four operating main circulation pumps at nominal reactor power'. The first 

feasibility study and preliminary work concerning the new modeling technique and its 

application to the VVER-1000 RPV was reported in [4]. 

The results of the K-3 Benchmark by the ATHLET/BIPR-VVER system code applying the 

old modeling scheme of the RPV [5-9] are being reported in [10, 11]. The achieved accuracy 

with the old scheme by comparisons with the measured data can be considered as very good 

[12, 13]. But our detailed analysis showed that due to the fact that we have considered and 

modelled different number of calculation fluid volumes at different reactor levels, and that 

each fluid volume has had only 4 neighbouring ones, a lot of important local information is 

being lost or could not be considered. That was the main reason to look for a new way of 

modeling the core region and its surroundings.  

 

2. MODEL DESCRIPTION 

The traditional approaches for performing nodal assembly-wise calculations of the reactor 

core usually uses the assumptions about the unimportance of the coolant flow mixing between 

the neighbouring assemblies. By this approach the assumption of equality of the core pressure 

losses along the core height are considered that results in usually no crossflow of the coolant 

between the assemblies even  in case of quite a difference of the neighbouring assembly 

power distributions. The application of special (CFX) small mash three-dimensional thermal-

hydraulics codes are strongly limited by modeling the full core as a porous structure by which 

they are smoothing the features of internal geometrical core structures and loosing a lot of 

important information. Another disadvantage of these codes is the extremely big CPU time 

necessary for the calculation of 3D core thermal-hydraulic (TH) parameters even for a one-

phase steady state cases. Often this leads to a simplification of the real geometry of the reactor 

and as a consequence - loss of important information by its modeling. In this connection it is 

still of interest to extend the possibilities and the acceptable computational CPU-time 

advantages of the one-dimensional system codes, allowing to consider a flow exchange (cross 

flows) in the system of parallel channels, and to try to take into account all possible 

constructional features of the reactor by the modeling process.  

Here must be considered some peculiarities of the flow behaviour in the reactor pressure 

vessel and the limitations of the system codes correctly to describe them.  In the RPV there 

are structures which can cause perturbation of the flow (for examples spacers in the active 

core, nozzles in the downcommer, etc.) and can lead to generation of turbulence. Usually the 

system code has not possibilities to account for turbulences but from other sides the prediction 

of the local effects in the core takes place within a mesh which is quite a big and these 
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turbulences are smoothen  like by the porous media modeling. So the disadvantage of lack of 

turbulence models in the 1-D system codes can be considered as acceptable. 

The new way of modeling the reactor pressure vessel is based on the assumption that the basic 

thermal-hydraulic structure consists of parallel TH channels passing practically through the 

whole reactor volume - from the top part to the bottom. In a radial plane each parallel TH 

channel represents a correct hexagonal polygon. Actually this model is nothing else but 

continuation of the hexagonal assembly geometry in both directions - to the top (upper 

plenum and reactor head) and to the bottom (bottom plenum) parts of the reactor vessel. Each 

parallel TH channels has 6 boundary elements (it can be either other parallel TH channels or 

parts of the in-vessel construction elements). The downcomer is also modelled as a system of 

parallel TH channels, each of them connected with the bottom parts of the internal hexagonal 

structures (maximum number of neighbouring interface planes – 3; minimum - one) through 

boundary elements. Similar structures have the elements of the upper part of the core 

connected to the outlet nozzles of the hot legs. All parallel TH channels (in the core or in the 

other places of the reactor pressure vessel) are connected with each other by cross flow 

elements. This type of flow connections can be modelled in ATHLET in different ways but 

basically are applied, the so called Single Junction Pipe or a Cross Connection Object. Each 

parallel TH channel has its own axial system of one after the other fluid objects (FO) 

determined by the differences in the reactor structure at different axial location (for example: 

it plays a role whether this FO is located before or after the assembly support grids or is a part 

of a SUZ (control rods) shielding tubes (ST) or a part of a guide tube, or a part of ST tubes of 

the cables of the self-powered neutron detectors and thermocouples, or a part of in-between 

the SUZ ST etc.. 

The reactor pressure vessel nodalization into fluid objects is carried out automatically 

applying a pre-processor code system. For this purpose the geometrical data and information 

of the reactor construction along its height is applied. Thermal structures are assigned to all 

objects located not only in the active part of the core but also to other important reactor 

structures. All additional necessary information and material properties along the axial 

direction of the objects are also created automatically. The result of the pre-processor is in 

fact the input deck of ATHLET code. Without the application of the pre-processor it is 

practically impossible to create per hand typing the ATHLET input. The reason is the big 

number of objects and interconnections among them that leads to more than 100 000 lines in 

the deck input. It is also of interest that the output of the pre-processor with the TH objects’ 

description of the three-dimensional reactor structure can be used after that with small 

changes for any other system or sub-channel thermal-hydraulic codes.  

The following basic structures of the VVER-1000  reactor (version 320) used in ATHLET 

input are in detail modelled in the new developments: supporting parts of the assembly; part 

around the fuel assembly head; the region of the upper supporting plate to the top part of the 

fuel pins; boundary elements above the end of the core baffle; the lower part of the fuel 

assembly head; the internal part of the upper region of the assembly head; internal fuel 

assembly supporting parts; upper assembly part – from top of the fuel pins down to the lower 

lattice of the assembly head; boundary elements of the lower part of the baffle together with 

the openings of the lower supporting plate; objects within the baffle; parts of the upper part of 
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the baffle; downcomer; bypass between the downcomer and the upper plenum; boundary 

elements connecting the downcomer with the objects between the reactor bottom and the core 

basket; guide tubes of the fuel assemblies; openings in the bottom part of the core basket 

below the fuel assemblies; openings at the bottom part of the core basket in the region below 

the boundary elements; region between the reactor bottom part and core basket; openings at 

the lower plate of the SUZ ST in the boundary region; openings of the lower plate of the ST 

above the assemblies; openings at the middle plate of the ST in the boundary region; openings 

of the middle plate of the ST above the assemblies; the nozzle of the water injection system in 

the downcomer; the part of the upper plenum connected to the outlet nozzles; the part of the 

inlet nozzles and the downcomer; the nozzle of the water injection system at the upper 

plenum; reactor outlet nozzles (hot legs); reactor inlet nozzles (cold legs); openings at the 

upper ST in the boundary region; openings at the upper ST in the region above the 

assemblies; part of the upper plenum in front of the outlet nozzles; boundary region of the 

upper plenum (region between the top part of the ST and the lower part of the middle plate of 

the ST); part of the upper plenum around the ST in the region above the fuel assemblies (the 

region between the top part of the lower plate of the ST and lower part of the middle plate of 

the ST); part of the upper plenum above the fuel assemblies around the ST (the region 

between the upper part of the middle plate of the ST and the lower part of the upper plate of 

the ST); boundary region of the upper plenum (the region between the upper part of the 

middle plate of the ST and the lower part of the upper plate of the ST); the objects inside the 

ST of the upper plenum above the fuel assemblies (the region between the upper part of the 

middle plate of the ST and the lower part of the upper plate of the ST); the region around the 

ST of the upper plenum above the fuel assemblies (the part between the upper plate of the ST 

and reactor head); boundary region of the upper plenum (the part between the upper plate of 

the ST and reactor head); and the region inside the PT of the upper plenum above the fuel 

assemblies (the part between the upper plate of the ST and reactor head). 

Except these basic structures there are additional objects used as connecting ones between the 

basic objects. In total, more than 8000 fluid objects are used to describe the reactor pressure 

volume, and if necessary each FO can be separately sub-nodalized to any number of control 

volumes. As it was described early, all these FO automatically are connected with the help of 

the pre-processor and at the same time a data base for 3D reactor pressure vessel visualization 

is generated. The visualization of the RPV nodalization gives a very useful check of the 

correctness of the modelling procedure and assigning the information to the ATHLET input. 

Figures 1-7 show parts of the modelled fluid objects of the Kalinin-3 VVER-1000 reactor 

applying the above described methodology.  

 

3. FIRST APPLICATION OF THE NEW RPV MODEL 

The new modeling scheme is checked and applied by simulation of the OECD/NEA 

Benchmark transient at Kalinin-3 NPP ' Switching off of one from four MCP at nominal 

reactor power'. To eliminate the influence of other factors coming from modeling the 

secondary side of the NPP and the uncertainties of the neutron kinetics code the following 

simplifications are done: 
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 The measured loop temperature conditions are given as boundary conditions at the 

loops under following considerations: For the loops #2, 3 and 4 are applied the 

measured temperatures by the thermocouples located at the cold leg. For the affected 

loop #1 two measurements are taken into account: till the time when a reverse flow 

appears – the measurements at the cold leg; and after that those of the hot leg.  

 The measure axial assembly power distributions extended to all assemblies 

(approximated by the in-core monitoring system) are considered instead of the 

neutron-kinetics solution of the coupled ATHLET-BIPR-VVER code system.  

  Pressure in the primary loop is also taken from the measured pressurizer water level. 

All that allow keeping hydraulic characteristics of the primary loop according to the pump 

characteristics and in that way the measured values of the loops’ mass flows can be 

established. 

The described boundary conditions are in fact the same under which calculations with the old 

RPV ATHLET/BIPR-VVER model have been performed and after that compared with the 

measurements [13].  

The scenario of the K-3 Benchmark transient is following: after switching off of the main 

circulation pump #1 the reactor power is automatically decreased in 71 s to 67.8 % Pnom 

according to the measured data histories. That is done by insertion at the beginning of control 

rod group (CRG) #10 and later on - CRG #9. At time t= 29 s a reverse flow in the affected 

loop #1 takes place. That leads to a rapid re-distribution of the coolant flow through the 

reactor pressure vessel resulting in a spatially dependent coolant temperature change. This 

leads to an asymmetric power distribution that is being recorded by the local in-core 

temperature and neutron flux (SPND) measuring devices. Thereby, the simulation of the 

transient requires evaluation of the core response from a multi-dimensional perspective 

(coupled 3D neutronics/core thermal-hydraulics). After 300 s the reactor parameters stabilize. 

 

4. RESULTS AND DISCUSSION 

Not all parameters will be analysed in this study but only the radial mass flow distribution 

through the reactor tract:  bottom plenum – active core – region at the lower plate of the ST 

for the time moments t=0 s (beginning of the transient) and t= 300 s (end of the transient). We 

consider the region in the core which projection remains in the area of the fuel assemblies. 

The results of the calculation are presented in Fig. 8-18. They show in colours and numbers 

the mass flow distributions at different axial reactor layers. The eight ellipses around the core 

cut depict the hot and cold leg parameters. Figure 9 is a copy of Fig. 8 with additional 

information about the numbering of the assemblies and as a third value within the fuel 

assembly picture – the control rod group number (if any available at that place). 

Figure 8 shows the mass flow distribution at the entrance of the elliptic perforated reactor 

bottom part. It can be seen that this distribution is non-uniform with a mass flow factor (MFF) 

defined as (FLOWmax-FLOWmin)/FLOWmin of 10.4 % (96.15 kg/s in assembly # 86 and 



S. P. Nikonov, K. Velkov, A. Pautz 

 

106.16k g/s in ass. #154). The established steady state asymmetry in the mas flow distribution 

is caused by non-equal inlet loops’ temperatures. Figure 10 shows the same distributions at 

the end of the transient when a reverse flow in the affected loop #1 is established. That has 

lead to an increase of MFF in the region of the assemblies to 11.9% (71.98 kg/s in ass. #86 

and 81.7 kg/s in ass. #121).  

Figure 11 depicts the mass flow distribution at the level where the fuel part of the pins begins. 

It can be seen quite equalized MFF=0.15% (101.43 kg/s in ass. #7 and 101.58 in ass. #143).   

Figure 12 shows the same distribution like in Fig. 11 but at the end of the transient. Again a 

very small difference in the distribution is detected, MFF=0.28 % (77.58 kg/s in ass. #21, #22 

and 77.80 kg/s in ass. #103, #89, #62, #49). 

On Fig. 13 the mass flow distribution of the coolant is presented at the beginning of the 

transient at the axial layer corresponding to the end of the fuel pins (beginning of assembly 

head and also at the level of the end of the reactor baffle). As it can be seen the mass flow 

distribution is strongly changed. The MFF reaches 42 % (91.33 kg/s in ass. #82 and 131.32 

kg/s in ass. #149 and ass. #158). The Same situation is observed at the end of the transient 

(Fig. 14). MFF remains approximately at the same level of 42 % (68.88 kg/s – ass. #82 and 

98.26kg/s – ass. #62). For the both cases the minimum value of the mass flow has the central 

core assemblies. It should be noted that quite a big amount of the coolant flow goes into the 

space over the baffle (reactor shield) because there is a 10% more free area for the flow at that 

place. This founding is of great importance for the correct prediction of the assembly coolant 

temperatures because at this core height are located the thermocouples. As it was already 

reported in previous studies [10, 11] the measured temperature at this place is mainly 

determined by the guide tube fluid temperature very weakly mixed with the real assembly 

coolant temperature. 

The further redistribution of the mass flow takes place in the  zone over the assemblies, at first 

on the  lower lattices of the assembly head, and then on the lower lattice of the block of ST. 

On Fig. 15 and Fig. 16 are shown the corresponding coolant flow distributions at the lower 

part of the assembly lattice for the beginning and end of the transient. The MFF decreases to 

8.6 % for the both time moments.  It is necessary to notice that the mass flow over the baffle 

makes approximately 18.5 % from the total mass flow at the t=0 and decreases to 8.4 % at the 

end of the transient. 

Figures 17 and 18 depict the MFF at the lower lattice of the block of ST. It has a value of 

47.5% and at the end remains almost unchanged – 47.6% and for the area above the baffle -

9.6% for the both time moments.  

On the bases of the performed analysis applying ATHLET parallel THC methodology for 3D 

modeling of the RPV for the Kalinin-3 VVER-1000 reactor it can be concluded that the 

coolant mass flow undergoes re-distribution after the axial layer about 1 meter below the 

assembly head. The maximum is reached at the end of the active part of the fuel pins where 

the baffle also ends.  
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5. SUMMARY 

The first results obtained with the advanced detailed modeling of the RPV are very promising 

and for sure will increase the accuracy in predicting the local parameters with the coupled 

system code ATHLET/BIPR-VVER. The analysis shows that the coolant flow undergoes 

quite a strong mixing starting at 1 meter before the active core outlet. These phenomena could 

not have been taken into account with the old modeling schemes and, of course, that was a 

source of errors by predicting the local core parameters. Further comparisons with the 

available core measurements from the K-3 Benchmark performed with the coupled system 

code are on-going. The preliminary estimation of the results are very promising in respect of 

the quite good reached accuracy applying the 1D-dimensional thermal-hydraulics system code 

with 3D neutron kinetics – ATHLET/BIPR-VVER.  

It should be taken into account that the calculated coolant flow distributions within the RPV 

presented in the paper cannot be compared with measurements, simply because they do not 

exist. The correctness of the flow distributions (and of the applied methodology) can be only 

indirectly proved through comparisons with other available measured in-core parameters as 

for example - assembly coolant temperatures and SPND readings. In order to confirm 

quantitatively the results presented in this paper, additionally studies are foreseen to be 

performed (as already planned in the OECD/NEA UAM Benchmark) to determine the 

uncertainty and the sensitivity of the observed phenomena with respect to the considered 

assumptions in the methodology, the geometrical parameters, friction coefficients, pressure 

losses etc.. 
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Fig. 1 General view of reactor nodalization      Fig.2 Internal reactor structure nodalization 

 

Fig. 3 Nodalization of the reactor part with the inlet nozzles, outlet nozzles and the 

nozzles of the emergency protection system 

 

Fig. 4 Nodalization of the reactor head and the upper and middle part of the shielding tubing 
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Fig. 5 Nodalization of the lower parts of the shielding tubing and lower part of the reactor 

 

 

Fig. 6 Nodalization of the boundary region of the upper part of the reactor, boundary 

elements at the lower part of the downcomer, lower part of the core basket and part around 

the assembly support columns  

 

Fig. 7 Nodalization of the inside parts of the assembly support columns 
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Fig. 8 Mass flow distribution at the inlet of the elliptic perforated reactor bottom part and 

mass flows at inlet and outlet loops’ nozzles at t=0 s. 

 

 Fig. 9 Mass flow distribution at the inlet of the elliptic perforated reactor bottom part and 

mass flows at inlet and outlet loops’ nozzles at t=0 s. Additionally are shown the 

numbering of the assemblies with the position of the control rod clusters (if any available 

at that place). 
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Fig.10 Mass flow distribution at the inlet of the elliptic perforated reactor bottom part and 

mass flows at inlet and outlet loops’ nozzles at t=300 s (end of the transient). 

 

 

Fig.11 Mass flow distribution at the inlet of the heat generation part of the assemblies at t=0 s  
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Fig.12 Mass flow distribution at the inlet of the heat generation part of the assemblies at 

t=300 s (end of the transient) 

 

Fig.13 Mass flow distribution at the outlet of the assemblies (end of the fuel pins) at t=0 s 
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Fig.14 Mass flow distribution at the outlet of the assemblies (end of the fuel pins) at 

t=300 s (end of the transient) 

 

Fig.15 Mass flow distribution at the outlet of the assemblies at the level of the first 

lattice of the pins at t= 0 s   
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Fig.16 Mass flow distribution at the outlet of the assemblies at the level of the first lattice 

of the pins at t= 300 s (end of the transient) 

Fig.17 Mass flow distribution at the assembly outlet before the inlet of the lower lattice of the 

ST at t= 0 s  
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Fig.18 Mass flow distribution at the assembly outlet before the inlet of the lower lattice of 

the ST at t= 300 s (end of the transient) 


