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ABSTRACT 

The Krško Nuclear Power Plant – NEK in Slovenia has a two loop Westinghouse PWR 
nuclear steam supply system with 1994 MW thermal output power.  A model of NEK is being 
built using the APROS – Advanced PROcess Simulation environment [1]. The aim of the work 
presented in this paper is to build a computer model of the core and verify and validate it. The 
data used to describe the properties of the system modelled in APROS, were the data describing 
NEK and its operational properties after the uprating and the introduction of the 18-month 
cycle. Basis for data collection was NEK RELAP5\MOD3.3 Engineering Handbook (23rd 
cycle) [2] and associated steady state report [3].  

A model describing the nuclear core was set up, which is composed of the values 
describing the physical core parameters and rod control core assemblies (RCCA) parameters to 
assure evaluation of the core nuclear kinetics phenomena. In order to achieve that, the APROS 
Reactor module was used as it includes the point kinetics mathematical model. The physical 
parameters in the steady state were analysed also at different level of rod insertions. The 
simulation was performed to demonstrate the NEK APROS Reactor model capability to analyse 
10% load rejection without causing a reactor trip, engineering safety features actuation or/and 
steam dump actuation. 10% load rejection was simulated by integrated NEK APROS model [4] 
as the first step in the verification of the APROS model behaviour and capability for the plant 
manoeuvrability studies in the future.  

Validation of the NEK APROS core response in the integrated NEK APROS model on 
postulated initiating and boundary conditions (high T-average, 0% tube plugging, etc.) shows 
some minor deviation due to the limitation of core point kinetic model, but generally the results 
from APROS simulation were found in a good agreement with design data and within 
acceptable tolerances.   

1 INTRODUCTION 

Krško Nuclear Power Plant (NEK) has a Westinghouse two loop PWR system with thermal 
power of 1994 MW. In order to simulate operation of the plant a model of the primary and part 
of secondary circuit was created using APROS (Advanced PROcess Simulation environment). 
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The model of primary and secondary coolant with reactor core is being developed continuously 
in the steady state and singular system validation (Separate plant system tests by comparing the 
APROS model response to the set of plant surveillance tests, e.g. steam dump control system 
actuation, Tavg control, RCP (Reactor Coolant Pump) coastdown curve, pressurizer pressure 
and level control, low pressure safety injection accumulator full flow test, high pressure safety 
injection recirculation and full flow test, etc.) is ongoing. The long-term goal is to validate 
APROS NEK models through the reanalysis of international integral tests performed on the 
scaled test facilities, comparison with already existing NEK analyses performed in the past with 
RELAP code and reanalysis of on-site transients occurred at NEK in the past. 

APROS, developed by the Research Centre VTT and Fortum Engineering in Finland, is 
a program package that allows making the dynamical simulations for engineering purposes. 
The tool is suitable for modelling and simulation of the dynamics of a process plant during all 
phases of its life span from pre-design to training and model supported operation and control, 
for small simple models and full scope simulators. The aim was to build a model of NEK and 
its operation in the steady state after the uprating and introduction of the 18-month cycle. The 
NEK APROS integrated model is based mainly on the values, describing the 23rd cycle and the 
best estimate values of the parameters. 

As already mentioned in Abstract above, the basis for the model was the NEK 
RELAP5\MOD3.3 Engineering Handbook [2] and associated steady state analysis [3], but the 
data input was adapted to the APROS environment strictly observing the rule of keeping the 
volume and height of each control volume element constant. Also the material properties 
represent the same characteristics, as found in NEK. Some models in APROS are more 
comprehensive and additional data was collected from the NPP. 

NEK APROS integrated model steady state verification and validation were documented 
and published on ICONE conference [4]. 

The focus of this paper is the modelling of the NEK reactor core with associated point 
kinetics parameters. APROS contain also 1D and 3D core calculation modes but for the 1st 
adjustments of the integrated NEK APROS model, the point kinetics was chosen due to possible 
verification and validation of results with existing one, available at NEK. 

2 MODEL DESCRIPTION 

In APROS when modelling the core, the point kinetics model was used. The point kinetics 
behaviour is governed by the following two equations. 
 

�����
�� = ρ�t� − β

� ���� +	���
�
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	����� (1) 

������
�� = β

� ���� 	−	������� (2) 

The model calculates the one group neutron flux value � and the concentrations of the six 
delayed neutron group precursors	��. Symbols	ρ, β, �, �� represent the reactivity, fraction of 
delayed neutrons, prompt neutrons generation time and decay constants of delayed neutron 
precursors respectively. Reactivity poisons (iodine and xenon) concentrations are also 
calculated.  
The nuclear reactor calculation is an iterative process performed after the convergence of 
thermal hydraulics has been reached. The calculation needs information about coolant density, 
fuel and coolant average temperature, coolant void fraction, control rod positions and soluble 
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poison (boron) concentration. The fast neutron flux value is obtained as the result of the 
calculations. The flux value is then transferred into the relative power values which are further 
transferred to the thermal hydraulics calculations [5]. The thermal hydraulic calculations are 
performed using a 6-equation model and WSB (water/steam and boron) as a working fluid, 
where concentration of boron is 1704 ppm.  
The APROS element representing the reactor (Figure 1) is connected via the pipe and heat 
transfer elements to the adjacent thermohydraulic volumes, that compose the reactor pressure 
vessel. The element contains the input console for the description of the physical parameters of 
the core, the dimensions and number of the fuel rods, thermal properties of the materials 
composing them and data required to perform the neutronics calculations. The neutron 
precursor properties and the reactivity feedback values for moderator density, fuel temperature, 
boric acid concentration, control rod position and scram rod position and the decay heat values. 

 

Figure 1: The symbol of the Reactor element in APROS. It is linked to the adjacent 
thermohydraulic volumes in the reactor pressure vessel via the pipes and the heat transfer 

elements and to the RCCA system.  

2.1 Reactor core kinetics parameters 

To perform all the neutronics calculations the data used for the neutron precursor groups are 
listed in Table 1.  

Table 1: Neutron precursor values [2]. 

Precursor 
group 

Fraction of delayed neutron 
precursors 

Decay constant of the 
delayed neutron precursor 

[1/s] 
1 0.032459 0.0128 
2 0.202247 0.0317 
3 0.184145 0.1207 
4 0.398252 0.3219 
5 0.147004 1.4033 
6 0.035893 3.8899 



610. 4 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014 

Total fraction of delayed neutrons 0.006216 
Prompt neutron generation time [s] 0.000010249 

2.2 Feedback reactivity parameters 

The feedback reactivity values that were used in APROS neutronics calculation are the 
moderator density feedback value and fuel temperature feedback value. The assumed boundary 
values are the same as in the RELAP5 model [2] and are listed in Table 2. 

Table 2: Feedback reactivity values versus the moderator density (left) and versus the 
fuel temperature (right) [2]. 

Moderator density  Fuel temperature 
density [kg/m3] reactivity temperature [°C] reactivity 

608.13 0 226.85    0            
628.27 0.003236 426.85  -0.00587  
645.60 0.005745 537.78  -0.00878   
661.12 0.007787 626.85  -0.01098   
688.30 0.010960 826.85  -0.01567  
710.65 0.013138 1026.85 -0.02006  
727.34 0.014577 1226.85 -0.02414   
742.98 0.015803 1426.85 -0.02803  
752.05 0.016379 1626.85 -0.03172   
786.12 0.018206 1726.85 -0.03350  
816.02 0.019469   
836.36 0.020165   

2.3 Rod Control Core Assemblies parameters 

The control rod worths in APROS model were identical to those in the RELAP5 NEK model 
[2]. The values represented in Figure 2 were inserted in order to calculate the feedback reactivity 
after the rod insertion. 

 

Figure 2: Feedback reactivity versus the control rod level. 
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3 MODEL VERIFICATION 

The APROS NEK steady state model (100% core power, nominal pressures and 
temperature) was verified and validated already by comparison of the values calculated via the 
APROS environment and RELAP [4]. In Figure 3, 4 and 5 the comparisons of the coolant 
temperature flowing through the core and the axial and radial temperatures in a fuel rod are 
presented.  

 

Figure 3: The coolant temperature flowing through the core. 

 

Figure 4: Temperature of the cladding 
surface along the fuel rod. 

 

Figure 5: Radial temperature distribution 
along the fuel pellet. 

4 MODEL VALIDATION 

A 10% load rejection on the turbine side results in a decrease of SG (steam generator) 
heat removal. The decreased SG heat removal capacity causes a rapid reactor (Tavg) coolant 
temperature rise. The temperature increase causes a water in-surge into the pressurizer.  
Typically, the combined action of the non-nuclear safety control systems (steam dump system 
(SD) and the rod control system) mitigate full load rejection transient by providing a heat sink 
and reducing power generated by the core before a reactor trip set point is reached.  

However, 10% load rejection should be mitigated only by the rod control system with 
automatic RCCA insertion which reduces the reactor power and coolant average temperature 
(Tavg). The pressurizer out-surge resulting from the reactor coolant temperature reduction 
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causes a reduction in coolant pressure. Finally, the pressurizer heaters return the pressurizer 
pressure to its setpoint value. 

4.1 Acceptance Criteria 

The acceptance criteria are: 
• The reactor trip protection signals or engineering safety feature actuation (SI signal) 

should not be initiated 
• There should not be opening of the pressurizer PORVs, main steam PORVs or safety 

valves or actuation of SD control system. 

4.2 Methodology 

The purpose of this validation scenario is to compare the main RCS and core parameters 
from APROS simulation with RELAP5 calculation [7] performed just for this validation 
purpose and LOFTRAN calculation performed during Power Uprate and SGR project in NEK 
[6]. 

The following plant initial conditions are assumed: 
• Nominal RCS Tavg (LOFTRAN calculation took into account the highest one) 
• Highest flow in the operating window (0% SGTP, LOFTRAN calculation took into 

account 5% SGTP ) 
• The initial core power is 100% (LOFTRAN assumed 102%) 
• Reactivity coefficients representative for the beginning of core cycle (BOL)  
• Best-estimate initial conditions are used, no uncertainty is applied 

 
The following control systems are assumed to be operable: 

• Pressurizer pressure control 
• SD control (load rejection controller, even that acceptance criteria is that 10% load 

rejection should not initiate SD actuation) 
• Rod control system  

 
The following reactor trips are assumed to be operable (nominal plant setpoints) even that 

acceptance criteria is that 10% load rejection transient should not initiate reactor trip protection 
signals: 
• Overpower/overtemperature delta T 
• Low RCS flow 
• High nuclear power 
• High pressurizer level 
• Low pressurizer pressure 

 

4.3  Results 

The results of NEK APROS model simulation of 10% load swing rejection are compared 
with those from RELAP5 calculation [7] and LOFTRAN analysis [6], used for Power Uprate 
and SGR project. The comparisons of the results are presented in the form of figures of the most 
important variables versus time. The LOFRAN model is a simpler conservative model, however 
in the lack of data for such transient in the plant, LOFTRAN analysis could be used for 
phenomenological evaluation of APROS simulation. The best estimate RELAP5 model is more 



610. 7 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014 

comprehensive and validated, however the simulation is performed just for validation of 
APROS best estimate model.  

A 10% load rejection on the turbine side results in slower decrease of reactor power due 
to demanding time that rod control, driven by measured difference between turbine impulse 
pressure, referenced Tavg and measured Tavg. The control rod changes its position  decreasing 
the core power (Figure 6). It was observed that the rod control movement in APROS simulation 
is slowed between 0.95 and 0.9 core power due to the faster simulation Tavg decrease (Figure 
9). In simple LOFTRAN analysis, the saw pattern is observed due to control rods movement.   

Pressure in pressurizer is very similar in RELAP5 and APROS simulation (Figure 7), in 
both cases the heaters are periodically turned on from around 100 to 300 s to bring back pressure 
to nominal value. Larger differences are in simulations with LOFTRAN, due to the simplified 
model. 

The pressurize level is decreased according to the program (Figure 8), however some 
differences are observed. The LOFTRAN final value is in between of APROS and RELAP5 
value.  

The average temperature is decreased in all simulations (Figure 9), however there are 
some differences, the major is in LOFTRAN due to control rod movement. It should be noted 
that in LOFTRAN case, the combination of moderator temperature coefficient (MTC) being 
equal 0 with realistic rod worth leads to the rod stepping phenomenon. As it can be concluded 
from comparable analyses performed by RELAP and APROS which assumes non-zero MTC, 
as always exists during normal operation, the nuclear flux equilibrates itself with the secondary 
load before Tavg goes out of the rod control system dead-band control and it is sufficient to stop 
the rod stepping. 

The steam generator pressure is slightly increased in all simulations (Figure 10) however 
the peak in transient is different in all simulations. The lowest SG pressure increase is observed 
in APROS simulation. The reason could be in the characteristic of turbine control valve due to 
the fact that APROS does not have explicit turbine governor valve flow model and flow through 
the steam line during turbine load rejection is higher than in RELAP and APROS establishing 
lower SG pressurization and Tavg.  

 

Figure 6: Comparison of nuclear power. 
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Figure 7: Comparison of pressurizer pressure. 

 

Figure 8: Comparison of pressurizer level. 

 

Figure 9: Comparison of RCS average 
temperature. 

 

Figure 10: Comparison of SG pressure. 

Table 3: Comparison of specific parameters during simulation. 

Parameter NEK APROS 
model 

RELAP5 
calculation 

LOFTRAN 
analyses 

Tavg maximum [ºC] 306.6 306.46 306 
Time of Tavg maximum [s] 9 43 24 
Pressurizer pressure maximum 
[MPa] 

15.53 15.58 15.76 

Time of PRZR pressure max. 
[s] 

6 10 22 

Pressurizer PRZR level 
maximum [%] 

55.78 61.27 57.63 

Time of PRZR level max. [s] 9 44 33 
SG pressure maximum [MPa] 6.54 6.78 6.76 
Time of SG pressure max. [s] 7 48 34 

5 CONCLUSION 

The results of NEK APROS simulation are given in the form of the Figures in the section 
4.3 above. It can be concluded reasonable, comparing the RELAP5 and LOFTRAN analyses, 
that preliminary APROS simulation of the 10% load swing rejection presents the realistic plant 
behaviours. Validation of the integrated NEK APROS model with point kinetics option on 
assumed initiating and boundary conditions showed some minor differences due to the slightly 
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different assumed initial and boundary conditions (APROS and RELAP analyses assumed the 
best estimate initial parameters in comparison with LOFTRAN assumed the most conservative 
ones). Additional APROS model need to be made to justify what causes the slight differences 
between APROS and RELAP (e.g. observed turbine governor flow rates which causes 
lower/faster SG pressurization and lower RCS Tavg). Also, some deviation exist due to the 
limitation of the simple point kinetic model, which need to be adjusted in the future, but 
generally the results were good and within acceptable tolerances. 

It should be noted that in LOFTRAN case, the combination of moderator temperature 
coefficient (MTC) being equal 0 with realistic rod worth leads to the rod stepping phenomenon. 
As it can be concluded from comparable analyses performed by RELAP and APROS which 
assumes non-zero MTC, as always exists during normal operation, the nuclear flux equilibrates 
itself with the secondary load before Tavg goes out of the rod control system dead-band control 
and it is sufficient to stop the rod stepping. 
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