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Abstract 

A real-time version of the NEM code from the Pennsylvania State University is developed for 
VVER-1000 full-scope simulator applications. A VVER-1000 reactor core model is described. 
Combined with an enhanced thermal-hydraulics and I&C models the scope of Kozloduy 6 full-
scope replica control room simulator is expanded to the whole range of plant operation modes 
ranging from cold shutdown (depressurized) to rated power, as well as deviations from normal 
operating modes and even beyond-design basis accidents.  
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1. Introduction 

Kozloduy 6 full-scope replica control room simulator is commissioned in the beginning of year 
2000. Expansion of the scope of simulation to a wide range of reference unit conditions 
corresponds with an augmentation of simulation fidelity requirements [1], [2]. This is a reason 
for systematic enhancement and modification of the simulator according to the status of the 
reference unit - Kozloduy 6 VVER-1000/V320. 

Nuclear steam supply system model of the Kozloduy 6 simulator is based on RELAP5-HD™ 
thermal hydraulics [3]. This is a real-time version of the RELAP5-3D system code. A real-time 
version of the Nodal Expansion Method code (NEM) [4], [5] from The Pennsylvania State 
University (PSU) is developed for VVER-1000 full-scope simulator applications [6]. A cross-
section update procedure is tailored to meet cycle-specific reactor core simulation fidelity 
requirements as well as particular customer needs and practices.   

The two-group cross-section generation methodology, cycle-specific cross-section update 
procedure and VVER-1000 reactor core model are comprehensively described in [7]. 

2. Core Model 

2.1 Kinetics code 

The Nodal Expansion Method code (NEM) is developed by Pennsylvania State University 
(PSU).  NEM is a few group code - up to 10 energy groups can be simulated. It is a three-
dimensional transient nodal core model. Stand-alone version provides for three geometry-
modeling options: Cartesian, Hexagonal-Z and Cylindrical (R-θ-Z). NEM is based on the 
transverse integration procedure and it was recently updated to utilize semi-analytical transverse 
integrated flux representation and improved transverse leakage approximation [4].  

For the purpose of VVER-1000 real-time application, NEM source code is modified. With this 
version of NEM, steady-state and transient simulation in real time is performed with 2 energy 
groups in Hexagonal-Z geometry across the whole reactor core. Various NEM code options 
(Cartesian/Cylindrical geometry, core symmetry, number of energy groups, etc.) are disabled for 
this particular application [6].  

The two-group neutron diffusion equations are solved at each node at each time step, as follows. 

• Two-group neutron fluxes, using node-specific energy per fission (ϰ) and inverse 
velocities (1/v); 

• Xenon, Iodine, Samarium and Promethium concentrations; 
• Six delayed neutron groups, using node-specific effective delayed neutron fractions (β) 

and decay constants (λ); 
• Decay heat and neutron source strength. 

Fuel burn-up, plutonium build-up and depletion of burnable poisons are accounted for at the 
cross-section library generation stage.  

2.2 Cross Section Library 

The HELIOS-1.9 lattice code [8] is used to calculate cross-section data tables. Cross-section 
modelling methodology used is a customized adaptation of the methodology outlined in [8].  



 

 5 
 

The dependence model of the cross-sections is based on four thermal-hydraulic variables: fuel 
temperature, moderator temperature, moderator density and boron/boric acid concentration. 
These variables are the feedback parameters, calculated by RELAP5-HD™.   

For the purpose of a full-scope replica control room simulator an extremely wide range of all the 
four feedback parameters is necessary. The scope of simulation have to cover the whole range of 
plant operation modes ranging from cold shutdown (depressurized) to rated power, as well as 
deviations from normal operating modes and even beyond-design basis accidents [1].  

The range for each of the feedback parameters is defined, as follows. 

• 300 ÷ 3100 K for fuel temperature; 
• 300 ÷ 1500 K for moderator (coolant) temperature;  
• 0.1 ÷ 1000 kg/m3 for moderator (coolant) density;  
• 5 ÷ 2933.33 ppm boron concentration (0.029 ÷ 16.8 g/kg boric acid) in the primary 

coolant. 

The cross-section tables generated by lattice calculations contain a full set of cross-section data 
for each type of fuel assembly. One unrodded and two rodded (Boron Carbide and Dysprosium-
Titanium) compositions are accounted for. Cross-section data are tabulated per multiple 
depletion points and per multiple spectral history points. As an example, 32 depletion points and 
burn-up up to 75 MWd/kgU are common. 

The cycle-specific cross-section library (four-dimensional tables) is designed for ten axial layers 
containing fission material. Exposure for each node is usually obtained from BIRP-7A load 
design calculations. This is a simple way to create an initial condition for a selected fuel cycle 
and core effective full-power days. The initial condition is benchmarked with the data from 
Kozloduy 6 ICMS and from BIRP-7A calculations. 

A standard linear interpolation (without extrapolation) in four-dimensional tables is used. While 
the library generation is a process, performed independently and optimized to cover (hopefully) a 
wide spectrum of cycle-specific libraries, the process of extraction of values of macroscopic 
cross-sections from look-up tables for kinetic calculations is preformed at each time step for each 
spatial node according to the local thermo-hydraulic feedback.   

A cross-section update procedure tailored to meet cycle-specific reactor core simulation fidelity 
requirements is provided.   

2.3 Radial nodalization 

The geometry of the Kozloduy 6 VVER-1000/V320 reactor core model is shown on Figure 1. 
The core consists of hexagonal cells with a pitch of 23.6 cm, each cell corresponding to one fuel 
assembly (FA), plus an external layer of radial reflector cells of the same size. There are a total 
of 211 cells, of which 163 FA and 48 reflector cells. The same one-sixth core symmetry sector 
numbering is used as in the cross-section libraries. 

2.4 Axial nodalization 

Axial nodalization in 20 layers, with a height of 17.75 cm each, is used. Count starts from the 
bottom, adding up to a total active core height of 355 cm. The number of axial layers for kinetic 
calculations is twice the number of axial layers in cross-section library. Height of both bottom 
and top axial reflectors is 23.6 cm. 
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Figure 1: VVER-1000 reactor core model 
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3. Rated Power Example 

An illustration concerning loading pattern of the 17th fuel cycle (2011/12) of Kozloduy 6 is 
shown on Figure 2. There are 5 different types of TVSA fuel assemblies used. An example of 
simulated rated power conditions is shown on Figure 3, Figure 4 and Figure 5. The acceptance 
criteria used (Table 1) are the same as applied for monitoring deviations between licensing 
calculation (BIPR-7A) and Kozloduy 6 ICMS. Deviations in comparison with Kozloduy 6 ICMS 
records and BIPR-7A calculations are fairly consistent and remain within acceptance limits 
throughout the core life, as shown in Table 2.  

Significant part of both the RMS error value and the maximum deviation is an asymmetric effect 
caused by different loop coolant temperatures and flow rates. There is a combination of high 
loop coolant flow and high coolant ΔT in loop No. 4 and low loop coolant flow and low loop 
coolant ΔT in loop No. 1. Analysis of Kozloduy 6 ICMS records show estimated thermal power 
of loop No. 1 as about 1.9 ÷ 3.2 % below average and estimated thermal power of loop No. 4 as 
about 1.6 ÷ 2.9 % above average. For comparison, thermal power of loop No. 2 is about 0.6 % 
below average and for loop No. 3 is 0.9÷1.1 % above average. 

Table 1: Acceptance criteria [10] 
Parameters Criteria 

Boric acid concentration ± 0.3 g/kg 
(± 50 ppm boron) 

Radial power distribution of FA in central part of the core ± 5 %  
Radial power distribution of FA in core periphery ± 10 % 
Radial power distribution for FA with burn-up more than 
30 MWd/kgU in core periphery ± 15 % 

 
Table 2: 17th Fuel Cycle Radial Power Maximum Deviations  

Core Life Maximum Deviation RMS Deviation 

EFPD % FA (Position) % FA (Position) % 

5.82 -6.5 103 (06-17) +4.5 31 (12-29) 2.18 

160.72 -4.7 103 (06-17) +4.3 159 (01-26) 2.17 

300.58 -3.7 50 (10-19) +5.5 160 (01-28) 2.20 

            Note: Design core life for the 17th fuel cycle of Kozloduy 6 is 303.5 EFPD. 
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Figure 2: 17th Fuel Cycle Pattern of Kozloduy 6 
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Figure 3: Radial Power Distribution (5.82 EFPD / 17th Fuel Cycle) 
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Figure 4: Radial Power Distribution (160.72 EFPD / 17th Fuel Cycle) 
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Figure 5: Radial Power Distribution (300.58 EFPD / 17th Fuel Cycle) 
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4. Conclusion 

A real-time version of the NEM three-dimensional kinetics code with cycle-specific capability is 
developed and implemented into Kozloduy 6 full-scope replica control room simulator. 
Combined with an enhanced thermal-hydraulics and I&C models the whole package is a high-
fidelity simulation tool for operator training and various other applications. 

An example of Kozloduy 6 17th fuel cycle (BOC, MOC and EOC) operation at rated power is 
used for illustration of the fidelity of simulation with emphasis on reactor core model. 
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