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ABSTRACT 
 
 

Three dimensional CFD model has been built to investigate the coolant flow in the 
central tube of the VVER-440 fuel assemblies. The model was verified based on measured 
data of the Kurchatov Institute [5]. With the model calculations were performed for two fuel 
assemblies used in Paks NPP. One of them has symmetrical and another has inclined pin 
power profile. Ratios of the outlet mass fluxes of the central tube to the inlet mass fluxes of 
the rod bundle were determined. Heat up ratios of the tube and rod bundle flows were 
calculated too. Sensitivity of the results on the assembly power distribution, inlet temperature 
and mass flow rate was investigated. The results of these simulations can be used as boundary 
conditions of central tube in studies of coolant mixing in fuel assembly heads. 

 
 
 

1. INTRODUCTION 
 
 

In the VVER-440/213 type pressurized water reactors the core outlet temperature field 
is measured with thermocouples, which are installed above 210 fuel assemblies. These 
thermocouples provide essential information on the reactor core state. The measured 
temperatures are used to determine the fuel assembly powers and they play an important role 
in the reactor power limitation as well. For these reasons, interpretation of the thermocouple 
signals is an important issue. Originally, perfect coolant mixing was assumed in the head parts 
of the fuel assemblies therefore the measured values were interpreted as cross-sectional 
average temperatures. In the last years, this issue was investigated with computational fluid 
dynamics (CFD) codes [1], [2], [3], [4]. These calculations showed differences between the 
thermocouple signals and cross-sectional average temperatures at the measurement level. 
Moreover they suggested that the coolant flow from the central tube had a significant effect 
on the thermocouple reading. The central tube flow was given in these calculations based on 
some assumptions or data measured on a test facility [5]. Since the measurements were not 
performed at the exact operational conditions of the power reactors, therefore the calculations 
contained some uncertainties caused by the central tube conditions as well.  

 



 

 

Although the central tube flow was investigated some years ago [3], further analyses were 
necessary. For those reasons a CFD model of the central tube was developed and 
investigations were carried out for fuel assembly conditions typical in VVER-440 reactor’s 
nominal state. 
 
 
 

2.  DESCRIPTION OF CENTRAL TUBE MODEL 
 
 
Three dimensional CFD model has been built with the ANSYS ICEM program to study 

the flow in the central tube of the VVER-440 fuel assemblies. The full-length model was 
structured in modular form. Length of one module agrees with the distance between two 
spacer grids, so 11 modules were used to build up the 2515 mm long full-model (Figure 1). 
The model contains the central tube wall with the cuts (Figure 1), 18 of the fuel rods and 
fictional walls above and sidelong to enclose the geometry (Figure 2). Porous subdomains 
were used to model the spacer grids because meshing of the grids’ real geometry would have 
resulted too much mesh elements. 

 

 

Figure 1. Full model (structured in modular form) and two symmetric cuts on the central 
tube. 

 

 

Figure 2. Geometrical model of VVER-440 central tube and its environment (250 mm 
long module, cutaway view). 

 



 

 

The modules were resolved with hybrid meshes of tetrahedral, prismatic and hexahedral 
elements. Space between the rods, in the central tube and central tube wall were meshed. Near 
the cuts of the central tube locally refined tetrahedral mesh with prismatic near-wall layers, in 
the remaining region prismatic elements with hexahedral near-wall layers were used (see 
Figure 3). The individual mesh modules were connected with interfaces. The total number of 
the cells is about 9.7 million. 

 

 

Figure 3. Mesh of the model and locally refined tetrahedral mesh near the cuts (cutaway 
view). 

 
With this model calculations were performed for a measurement of Kurchatov Institute 

(see abbreviation in the later text “V”) and two fuel assemblies of Paks NPP (abbreviation 
“PI”, “PP”) with ANSYS CFX 12.1 code. Numerical values of the boundary conditions by 
different cases are summarized in Table I. In the case of the validation the conditions are 
based on the measurement of Kurchatov Institute [5]. The conditions were determined with 
usual load-follow calculations of the NPP by the operational cases [6]. At the bottom surface 
of the rod bundle part inlet boundary condition was applied with actual mass flow rates and 
temperatures (Table I). Bottom surface of the central tube was closed according to the real 
geometry thus it was modeled as a wall. Top surfaces of the rod bundle part and central tube 
were defined as outlets with 0 Pa relative pressures. The reference pressures were set to the 
real values. The rod surfaces were modeled as no slip smooth walls and heat flux values were 
prescribed according to the pin power distributions (Figure 4). The axial profiles of the heat 
fluxes were given with normalized polynomials by fuel assemblies (PI, PP). Sidewalls of the 
domain were defined as symmetry boundary conditions. 

 
 

Table I. Numerical values of the boundary conditions. 
 

Case 
Inlet mass 
flow rate 

[kg/s] 

Inlet 
temperature 

[°C] 

Outlet 
pressure    

[bar] 

Average heat flux of 
rods in the domain 

[kW/m 2] 

KI measurement, Validation (V) 1.35 237.4 94.3 130 

Paks, peripheral fuel assembly with 
asymmetrical power profile (PP) 

2 266 122.85 410 

Paks, inner fuel assembly with 
symmetrical power profile (PI) 

2 266 122.85 612 



 

 

 
 

     
 
 

Figure 4. Pin power distributions in the investigated parts of the fuel assemblies. 
 

Heat conduction in the central tube wall was taken into account as well. It was modeled 
as Zirconium with its material properties. Inner and outer surfaces of the tube were defined as 
fluid-solid interface. The pressure drop caused by the spacer grids were modeled using porous 
media approach and quadratic loss coefficient, which was calculated from the drag coefficient 
of the gird [5]. 

Temperature and pressure dependences of the water properties were taken into account 
with IAPWS IF97 library. Turbulence was described with BSL Reynolds stress model, in 
which transport equations for individual Reynolds stresses and for specific dissipation are 
solved. Convective terms in the transport equations were discretized with high resolution 
scheme. Convergence criteria of the steady-state simulations were 10-4 for RMS of residuals. 
 
 
 

3. VALIDATION OF MODEL 
 
 

Thermal hydraulic of VVER-440 fuel assemblies was investigated experimentally on a 
full-scale test facility in Kurchatov Institute. Extensive measurement series was carried out 
close to the operational conditions of NPP reactors [5], in which outlet mass flux and heat up 
of the central tube coolant were determined as well. A measurement was chosen for validating 
our model (Table I; V). For this case calculation was carried out, whose results is introduced 
in this chapter.  

Figure 5 shows the mass flux changes of the central tube after every cut. As it can be 
seen the change at the first cut is the largest one, almost third of the central tube’s outlet flow 
enters here. The changes at the cuts are decreasing in downstream thus inflows across 
successive cuts are decreasing. The character of the change seems to be exponential. The 
reason of this reduction is the pressure equalization between the fuel rod bundle and the 
central tube region downstream (Figure 6) because absolute pressure is equal on the outlet 
surfaces.  

PP V PI 



 

 

   

Figure 5. Mass flux changes of the central tube at the cuts. 
 

  

Figure 6. Change of the average absolute pressure in the axial direction.  
 

In Figure 7 the axial component of the velocity can be seen in the surroundings of the 
central tube at every second cut-out level. The axial velocity of the coolant in the central tube 
is increasing and in the rod bundle it is decreasing downstream due to the inflows through the 
cuts to the tube. At the lower cuts (1-5) the axial velocity is higher in the rod bundle than in 
the central tube. From 7th cut the situation changes and velocity becomes higher in the central 
tube. It can be observed that axial velocity decreases at the physical walls because of the 
viscous effect and it decreases in the cuts because of the blocking effect of the tube wall. 
 



 

 

 

Figure 7. Axial velocity fields at every second cut-out level. 
  

Heat up of the coolant in the central tube is caused by the inflows of the warmer coolant 
through the cuts and heat conduction across the wall of central the tube. Heat ups caused by 
the previous effect (Figure 8) were calculated as differences of average temperature values 
above and under the cut-outs. The inflows across the eleven cuts cause 2.5 oC temperature 
change, which is about 40% of the total heat up in the central tube (5.9 oC). Therefore the heat 
conduction increases the coolant temperature in the tube with 3.4 oC, which is about 60% of 
the total heat up here. The inflow at first level does not contribute to the warm up in spite of 
that it has the highest mass flow rate because its temperature does not differ from inlet 
temperature of the coolant entering the whole flow domain. Warmer coolant enters from 
second cut and each inflow cause about 0.15-0.35 oC changes. The magnitudes of the changes 
are decreasing from third level because the inlet mass flow rates are decreasing too (Figure 5). 
This process is well shown by Figure 9, in which the temperature distributions in the 
environments of first five cuts can be seen. 

 

 

Figure 8. Temperature changes in the central tube caused by the inflows across the cuts.  



 

 

 

 

Figure 9. Temperature distributions in the environments of first five cuts. 
 

Main measured and calculated data are compared in Table II. In the case of the mass 
flux an average ratio (outlet mass flux of the tube/inlet mass flux of the rod bundle) based on 
measurement series is given because corresponding data is not supplied in the 
documentation [5]. Both in the experiment and simulation outlet mass flux of the central tube 
is higher than in the rod bundle. The deviation between the calculated and experimental 
values is about -11%, which can be caused by neglecting the geometrical structure of mixing 
grids or inaccuracy in the spacer grid’s loss coefficient. Difference between measured and 
calculated outlet temperatures of the tube is -1.1 oC, namely -6.7% of the average heat up in 
the rod bundle (16.3 °C), which is acceptable. The deviation can be caused by the fact that the 
spacer grids were simulated with porous media approach therefore the mixing induced by 
them were missed in the simulation, consequently temperature of the inflow coolant to the 
tube was lower than in the reality. 

 
 

Table II. Main results of the validation 
 

 Measurement Simulation Simulation - 
Measurement 

ФCT [kg/m2/s] ~2200 1959.8 -240 

ФCT/Фbundle 1.28 (average) 1.14 - 

TCT [oC] 244.4 243.3 -1.1 

∆TCT [oC] 7 5.9 -1.1 

∆TCT/∆Tbundle 0.43 0.36 - 

 
 
 
 
 



 

 

4. INVESTIGATION OF FUEL ASSEMBLIES 

 

Two profiled fuel assemblies with 12.3 mm rod pitch and 3.82% average enrichment 
were investigated in this study. One of them was positioned in the internal region of the core 
(PI) therefore it has symmetrical power profile, the other was positioned on the periphery of 
the core (PP) thus it has inclined pin power distribution. Main conditions of the calculations 
are given in Table I. There are no significant differences between the results therefore only 
the asymmetrical case is introduced in details. 

Figure 10 shows the inflow to the central tube through the first two cuts. The coolant 
enters into the central tube from its close environment. At the first cuts strong swirling flow 
develops due to the abrupt changes of flow cross section and velocity. After a short distance 
the flow becomes more uniform. Figure 11 represents the outlet velocity distribution. It can be 
clearly seen that the speed of the coolant in the tube is higher than among the fuel rods. The 
difference between averages of these velocities is about 1 m/s. Because of the effect of the 
wall the velocity is smaller near the surfaces of the rods and tube.  

 
 
 

 
 

Figure 10. Inflow to the central tube through the first cuts. 
 

 
Figure 11. Velocity distribution at the outlet. 



 

 

 
In Figure 12 distribution of the temperature at the outlet can be seen. The temperature is 

lower in the central tube than in the rod bundle region consequently heat up in the tube is 
significantly smaller. Further from the tube the temperature distribution is slightly inclined 
according to the asymmetrical pin power distribution. The difference between the upper and 
lower regions is about 6 oC. Anyway significant differences can not be experienced around 
the central tube. 
 

 
Figure 12. Temperature distribution at the outlet. 

 
Figs. 13-14 show the mass flux changes of the central tube behind the cuts and its mass 

flux along its length. The character of the results agrees with the previous ones so the same 
conclusions can be made. The mass flux of the tube is increasing and its increment at the cuts 
is decreasing downstream. The outlet flux of the central tube is 3015 kg/m2/s. Third of this 
flow entrances across the first cuts. Inflows through the subsequent ones are more and more 
less; at the uppermost level it is only 3% of the tube outlet mass flow. Outflow from the tube 
is 0.183 kg/s, which is 0.77 % of the inlet flow rate of the assembly. This value is close to the 
result of an other CFD simulation (0.7%) [3]. 

 

 

Figure 13. Mass flux changes of the central tube at the cuts. 

 



 

 

 

Figure 14. Mass flux in the central tube. 
 
Figs. 15-16 show the temperature increment in the central tube behind the cuts and 

temperature distribution of the coolant in the tube and rod bundle region along the length. The 
tendency of average temperature in the rod bundle follows the heat flux profile (Figure 16). In 
the middle the nearly constant heat flux causes linear heat up. At the ends of the rods the heat 
flux is dropping therefore the heat up becomes slower. At the inactive upper section the 
temperature does not change naturally. In the central tube the temperature is increasing along 
the length too but the total heat up is much smaller than it is in the rod bundle region. Two 
effects can be distinguished. At the cuts the temperature is suddenly increasing because 
coolant of higher temperatures enters in the tube. The temperature rise between the cuts is 
caused by the heat conduction across the wall of the central tube. Mention must be made that 
up to the second cuts warm up can not be observed because temperature of the coolant around 
the central tube practically does not differ from the inlet temperature practically.   
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Figure 15. Temperature changes in the central tube caused by the inflows through the cuts. 
 

 



 

 

    
Figure 16. Normalized heat flux profile and average temperatures along the length. 

 
The main numerical results of the calculations for the fuel assemblies are summarized in 

Table III. Since the inlet mass flow rates of the assemblies do not differ, there is no significant 
difference between the calculated outlet mass fluxes of the central tube and flux ratios. Even 
though the mass flow rates of the fuel assemblies significantly differ from the flow rate in the 
validation, the mass flux ratios are very similar. These values agree relatively well with the 
data calculated based on measurement series (1.28). The heat up ratios are near the same 
comparing the calculated data of operational cases and validation although the assembly mass 
flow rates and pin power distributions are rather different. The average heat up ratio is about 
0.5 from the measurement series [5]. The simulated values are smaller from this one. The 
reason of this deviation can be that the porous media approach of the spacer grids caused 
inaccuracy or measurements were performed at smaller mass flow rates and different pin 
power distributions. 

 
 

Table III. Main results of the calculation for the fuel assemblies 
 

  Peripheral fuel 
assembly (PP) 

Inner fuel 
assembly (PI) 

Фbundle [kg/m2/s] 2564.8 2564.8 

ФCT [kg/m2/s] 3014.9 3064.9 

ФCT/Фbundle 1.18 1.2 

TOUT [
oC] 297.1 310 

∆Tbundle [
oC] 31.1 44 

TCT [oC] 276.8 281.6 

∆TCT [oC] 10.8 15.6 

∆TCT/∆Tbundle 0.35 0.36 

 
 
 
 
 
 

 



 

 

5. CONCLUSIONS 
 
 

A CFD model for the central tube of the profiled VVER-440 fuel assemblies has been 
developed. Calculation was carried out for a measurement of Kurchatov Institute to verify the 
model. Both the experiment and simulation gave higher outlet mass flux and much lower 
outlet temperature in the central tube than in the rod bundle. The deviations compared to the 
measurement are about -11% and -7% by mass flux and heat up in the tube, which are 
acceptable. 

With the model two fuel assemblies of Paks NPP were investigated. One of them was in 
the periphery with inclined power profile and the other in the inner region of the core with 
symmetrical pin power distribution. The simulations show that the mass flux of the central 
tube is increasing but its increments at the cuts is decreasing downstream. In the central tube 
the coolant temperature is increasing along the length but the total heat up is much smaller 
than it is in the rod bundle region. The warm up in the central tube is caused by the inflows at 
the cuts and heat conduction across the wall of the tube. 

Even though the mass flow rates and pin power distributions of the fuel assemblies are 
significantly different from ones in validation, the calculated mass flux ratios and heat up 
ratios are very similar. Therefore they do not depend significantly on the conditions within the 
scope of this investigation. The calculated mass flux ratio of the fuel assemblies is about 1.2, 
which agrees well with the data based measurement series (1.28). The calculated heat up ratio 
is about 0.36 and measured one is 0.5 on average. The reason of these deviation can be that 
the spacer grids were modeled as a porous media or/and measurements were performed at 
smaller mass flow rates and different pin power distributions. Although these magnitudes of 
uncertainties in the central tube outlet parameters do not change significantly the results of the 
assembly head analyses based on previous investigations, some calculations are to be 
performed with the new parameters to confirm this in the future. 
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NOMENCLATURE 

 
 
TCT  Outlet average temperature of the central tube 
TOUT  Outlet average temperature of the fuel assembly calculated from the heat 

balance 
∆Tbundle Heat up of the fuel assembly calculated from the heat balance 
∆TCT  Heat up in the central tube 
Фbundle  Inlet mass flux of the fuel assembly 
ФCT  Outlet mass flux of the central tube 
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