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ABSTRACT 
 
 

A detailed and complex RPV model of VVER-440/213 type reactor was developed in 
Budapest University of Technology and Economics Institute of Nuclear Techniques (BME 
NTI) in the previous years [4]. This model contains the main structural elements as inlet and 
outlet nozzles, guide baffles of hydro-accumulators’ coolant, alignment drifts, perforated 
plates, brake- and guide tube chamber and simplified core. With the new vessel model a series 
of parameter studies were performed considering turbulence models, discretisation schemes, 
and modeling methods with ANSYS CFX.  

In the course of parameter studies the coolant mixing was investigated in the RPV. 
The coolant flow was “traced” with different scalar concentration at the inlet nozzles and its 
distribution was calculated at the core bottom. The simulation results were compared with 
Paks NPP measured mixing factors data (available from FLOMIX project [3]). Based on the 
comparison the SST turbulence model was chosen for the further simulations, which unifies 
the advantages of two-equation (k-ω and k-ε) models [4]. 

The most widely used turbulence models are Reynolds-averaged Navier–Stokes 
(RANS) models that are based on time-averaging of the equations. Time-averaging filters out 
all turbulent scales from the simulation, and the effect of turbulence on the mean flow is then 
re-introduced through appropriate modeling assumptions. 

Because of this characteristic of SST turbulence model a decision was made in year 
2011 to investigate the coolant mixing with improved turbulence model as well. The hybrid 
SAS-SST turbulence model was chosen, which is capable of resolving large scale turbulent 
structures without the time and grid-scale resolution restrictions of LES, often allowing the 
use of existing grids created for RANS simulations. 

As a first step the coolant mixing was investigated in the downcomer only. Eddies are 
occurred after the loop connection because of the steep flow direction change. This turbulent, 
vertiginous flow was investigated with the SAS-SST turbulence model. The first results of 
this research are described in the paper. 
 



INTRODUCTION 
 
 

The coolant mixing inside the reactor pressure vessel (RPV) of pressurized water 
nuclear reactors is an important and interesting phenomenon during normal operational and 
incidental/accidental circumstances as well. From the point of view of accident analysis it is 
essential to know the coolant mixing in the reactor pressure vessel, since it determinates the 
distribution of the coolant temperature and boron concentration at the core inlet. These 
distributions have major influence on the neutron-kinetic behavior of the reactor and the 
thermal stresses affecting the pressure vessel. 

For the description of the coolant mixing in the RPV in steady state conditions the so-
called mixing factors provide clear quantitative demonstration tool. The mixing factors give 
the weight of the coolant of a primary loop at the bottom (inlet) of a given fuel assembly. For 
the investigation of these factors a detailed 3D CFD model of VVER-440/213 RPV was 
developed in our institute and investigated in detail in the previous years. The results of these 
calculations highlighted, that the flow field is very complex and turbulent in the whole RPV. 
A decision was made to improve the numerical grid of the existing 3D CFD model and focus 
on the characteristics of the coolant flow. Parallel with the refinement of spatial distribution a 
new, hybrid turbulence model called SAS-SST was chosen for testing. As a first step the 
detailed analysis of the downcomer has been done only, the results are presented in this paper. 
 
 
 

DESCRIPTION OF VVER-440/213 CFD MODEL 
 
 

The current 3D CFD model of the downcomer starts at the cold leg nozzle and ends 
before the elliptical perforated plate (Figure 1, left side). This model contains the main 
structural elements, as guide baffles and nozzles of hydro-accumulators and alignment drifts 
(Figure 1, right side). 
 

 
Figure 1. The investigated geometry 

 



In a CFD analysis, the flow domain is subdivided in a large number of computational 
cells. All these computational cells together form the so-called mesh or grid. The number of 
cells in the mesh should be taken sufficiently large, such that an adequate resolution is 
obtained for the representation of the geometry of the flow domain and the expected flow 
phenomena in this domain. A good mesh quality is essential for performing a good CFD 
analysis. 

The Ansys Icem 13.0 software was used to generate the computational mesh. The 
whole fluid domain was resolved with fully hexahedral mesh of about 3,3 million cells.  

The fluid domain can be divided into two regions: 
- an inner region (near-wall region) containing fine mesh, 
- an outer region containing normal mesh sizes (Figure 2.). 

 

 
Figure 2. Mesh in a cross section of the downcomer 

 
The boundary layer mesh consists of 15 layers which ensure good resolution of near-

wall region. The surface mesh of the downcomer and the volume mesh on some slice planes 
can be seen in Figure 3. 
 

 
a    b      c 

Figure 3. Surface mesh of the downcomer (a); volume mesh in a loop connection (b); volume 
mesh in the vicinity of an alignment drift (c) 



 
For the calculation of the mixing factors in normal operation steady-state simulation 

has been performed with the following properties: 
• Inlet boundary conditions: 1500 kg/s mass flow in each loop; 266 oC temperature, 
• Reference pressure: 123 bar, 
• The mixing of the coolant is demonstrated with additional variables (mixing scalar 

added to the coolant entering the vessel). 
 

The preliminary calculations showed that the coolant flow in the RPV is very 
turbulent. The SST and SAS-SST turbulence models were chosen for the further simulations 
[1]. Transient calculations were performed with both turbulence models for the investigation 
of the coolant temporal behavior in the downcomer, where the time step was 0,001 sec. 

Turbulence consists of fluctuations in the flow field in time and space. It is a complex 
process, mainly because it is three dimensional, unsteady and consists of many scales. It can 
have a significant effect on the characteristics of the fluid flow. Turbulence models are used 
to predict the effects of turbulence in fluid flow without resolving all scales of the smallest 
turbulent fluctuations. Different methods are available in CFD codes to compute the 
turbulence behavior of the fluid: either by solving the Unsteady Reynolds-averaged Navier-
Stokes (URANS) equations with suitable models for turbulent fluxes or by computing the 
fluctuating quantities directly (Large Eddy Simulation - LES). 

The Shear Stress Transport (SST) turbulence model is a Reynolds-averaged Navier–
Stokes (RANS) model that is based on time-averaging of the equations. Time averaging filters 
out all turbulent scales from the simulation, all random turbulent fluctuations are modeled. 
The SST turbulence model is a two-equation model which combines the k-ω model for the 
near wall region with the k-ε model for the outer part. The big advantages of the RANS 
models are that the computational cost is not so high and the numerical grid should not be 
very fine. The LES turbulence model solves coarse turbulent structures directly and only 
small, high-frequency fluctuations are modeled. It means that all scales smaller than the 
resolution of the mesh is modeled and all scales larger than the cells are computed directly. 
This turbulence model is sensitive for the mesh resolution, very fine mesh is necessary to 
catch eddies, and therefore the computational cost and time increase considerably. To 
combine the advantages of a URANS with the higher resolution of a LES, hybrid turbulence 
models like the Scale Adaptive Simulation (SAS) have been developed [2]. 

The SAS-SST turbulence model is a modified SST model. The concept of Scale-
Adaptive Simulation (SAS) allows the simulation of unsteady turbulent flows without the 
limitation of most URANS models. The SAS provides a steady state solution in stable flow 
regions and unsteady structures in unsteady regions (provides URANS with LES content in 
unsteady regions). The attached wall boundary layers are typically covered by the RANS part 
of the model, while large detached regions are handled in LES mode. This hybrid turbulence 
model allows saving mesh elements because the high resolution requirements of LES can be 
avoided, computational effort and calculation time is relatively moderate. 
 



RESULTS AND DISCUSSION 
 
 

At first a steady state SST calculation was performed, and its result file was used as 
initial condition for the unsteady SST and SAS-SST calculations. It facilitates better 
comparison of mixing factor distribution in the downcomer. 

In case of all loops the difference between the two turbulence models is very 
conspicuous (Figure 4-6.). In case of SST the mixing factor distribution does not change 
significantly between the loop connection and alignment drifts. The previous calculations 
highlighted the disturbing effect of the alignment drifts and the new calculation confirmed it 
too. 

In case of SAS-SST the mixing factor distribution is much more chaotic. After the 
coolant enters into the downcomer the jet hits the inner wall of the RPV. This interaction 
generates eddies which are moving down in the RPV. 

The coolant plum of the 1st nozzle does not stay under the 1st nozzle, it twists. The 
twisting is better observable in case of SST because the plume does not fall into eddies, but 
this phenomenon exists in case of SAS-SST as well. 
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Figure 4. Mixing factor distribution of 1st loop 
 

The same flow characteristic can be observed in case of 2nd loop (Figure 5.). The 
coolant flow of this loop is influenced by the two neighboring loops. The twisting is not so 
considerable; the plume is located mainly under the 2nd nozzle.  

The SAS-SST calculation shows that the guide baffles of hydro-accumulators have 
significant effect on the flow in case of 3rd loop (Figure 6.). 
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Figure 5. Mixing factor distribution of 2nd loop 
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Figure 6. Mixing factor distribution of 3rd loop 
 



The SAS SST results show that with an improved turbulence model the characteristic 
of coolant flow can be computed better and it can give back more information about the fluid 
motion in the downcomer. The better understanding of the developing processes is important. 
The detailed knowledge of velocity, pressure and temperature fields on RPV wall can be input 
data for PTS analysis as well. For example the mixing between the coolants of different loops 
can give us information about the boron dilution in the downcomer or at the core inlet. 

On the basis of presented results it can be stated that the detailed investigation of RPV 
with SAS-SST turbulence model is possible and necessary. This model has to contain all of 
the main structural elements until the core outlet. The development of this model has been 
started already; its numerical mesh will consist of fully hexahedral elements.  
 
 
 

SUMMARY 
 
 

A detailed and complex RPV model of VVER-440/213 type reactor was developed in 
BME NTI in the previous years. Based on the results of parameter study the SST turbulence 
model was chosen for the further simulations, which unifies the advantages of two-equation 
(k-ω and k-ε) models. A new hybrid turbulence model was developed and implemented into 
Ansys CFX, which is called SAS-SST. This model is capable of resolving large scale 
turbulent structures without the time and grid-scale resolution restrictions of LES, often 
allowing the use of existing grids created for RANS simulations. 

As a first step the coolant mixing was investigated in the downcomer only. The results 
calculated by SST and SAS-SST show totally different behavior of the coolant flow. The 
SAS-SST calculates better the mixing procedures; we can understand better the flow behavior 
during nominal operational conditions. The results show that the coolant flow is very 
turbulent after the loop connections and the alignment drifts have significant effect to the 
coolant flow. The generated large eddies move downward into the downcomer and they 
increase the coolant mixing. In contrast, in case of SST model the mixing factor distribution 
shows that the coolant does not come apart large eddies, it keeps the sector character. 
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