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ABSTRACT 
 
Based on experiences of former validation and sensitivity studies, a CFD model for head 

part of real working fuel assemblies with pitch of 12.3 mm has been developed with the code 
ANSYS CFX. Calculations were performed for typical fuel assemblies used in the Paks NPP.  
Differences between the outlet average temperatures and thermocouple signals were 
determined. Effect of the mixing grid position on thermocouple signal was investigated also. 
Mixing was analyzed in details with using so-called mixing scalars and weight factors of the 
central tube and rod bundle regions for in-core thermocouple signal were determined. 
Sensitivity of the weight factors for pin power distribution and mixing grid position were 
investigated. 

 
 

1. INTRODUCTION 
 
In VVER-440/213 type reactors the reactor core outlet temperature field is measured with 

in-core thermocouples installed above 210 fuel assemblies. These measured temperature 
values are fundamental information for the on-line core monitoring system. Based on these 
values, the radial distribution of the neutron flux and the assembly powers are determined. 
Furthermore, these data have significant role in the limitation of the reactor power. For these 
purposes, it is desirable to process the temperature values measured by the thermocouples 
adequately. Originally, the measured values were supposed to be equal with the fuel assembly 
average outlet temperatures. In the last few years several CFD calculations called attention to 
the fact that this assumption is generally not acceptable [1], [2], [3] due to the imperfect 
coolant mixing in the fuel assembly heads. Naturally, these deviations have not caused any 
notable operational problems due to the use of conservative margins in the processing of the 
in-core temperature measurement data. However, the plans for applying new type of fuel 
assemblies (use of burnable poisons etc.) and the research activity around the technical 
conditions of power upgrade placed this question into the fore. 

In order to perform experimental investigations, a test facility was built in the Kurchatov 
Institute (Russia) and extensive measurement series were carried out under conditions which 
are close to the operational [4]. Based on technical documentation of the test facility, 
assembly head and rod bundle models were developed with the code ANSYS CFX [5] at our 
institute [6]. Calculations were carried out for a selected measurement set in order to validate 
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the models. Extensive sensitivity studies were performed with the assembly head model for 
spatial discretization, inlet boundary conditions, initial conditions and turbulence models. 
Based on the results of the investigations reliable prediction can be received for the coolant 
mixing in the fuel assembly head using a mesh of about 8 million cells, BSL Reynolds stress 
turbulence model and High Resolution [5] discretization scheme (~ 2nd order accuracy). It was 
proven that there are no significant differences between the results of CFX calculations with 
inlet boundary conditions coming from CFX or COBRA fuel pin bundle calculations. 

Applying experiences of the validation and sensitivity studies, a CFD model for the head 
part of profiled working fuel assemblies has been developed. Coolant mixing in some typical 
fuel assemblies of Paks NPP was investigated in details with the model. 

Model of working fuel assembly heads and results of mixing calculations are presented in 
this paper. 

 
 

2. NUMERICAL MODEL DESCRIPTION 
 
Some differences were found between the test facility [4] and real fuel assembly geometry 

(e. g. distance between end of the fuel pins and mixing grid, distance between end of the pins 
and thermocouple housing) thus the model used in the validation [6] was modified according 
to the technical documentation of working fuel assemblies [7] and own measured data. The 
modified model (Figure 1) contains a working fuel assembly from the top level of the fuel 
rods’ active part and a part of the lower plate of the protective tube unit, which is connected to 
the fuel assembly head from above and includes the in-core thermocouple. The outer diameter 
of the rods is 9.1 mm and the rod pitch is 12.3 mm. The inner space of the shroud is 142 mm 
(1.5 mm wall thickness). All parts of the assembly head were modeled that are important from 
the point of view of the coolant mixing. Mixing grid was positioned according to the technical 
documentation in base case (Figure 4, b1 position). Unfortunately, situation of the mixing 
grid is not the same in the fuel assemblies, all four possible configurations can be found in 
reality (see Figure 3). For that reason, models were built for all four configurations (Figure 4) 
in order to investigate their effect on the coolant mixing.  

The rather complex flow domain was resolved with a hybrid mesh of about 8.5 million 
cells (Figure 2). Main characteristics of the mesh agree with characteristics of the mesh used 
in the validation [6]. The bottom region (Figure 2/B) was meshed with tetrahedral elements 
near the spacer grid and with prism elements below and above the tetrahedral zone. Owing to 
its irregular shape, the top region (Figure 2/A) was resolved with tetrahedral cells and with 
flat prisms in the near-wall region. Local grid refinements were applied in critical regions of 
the geometry (at the ending of the pins, around the mixing grid, the catcher and thermocouple 
housing) in order to decrease the spatial discretization errors. Non-matching meshes of the 
bottom and top regions were connected with GGI interface. 

Five fuel assemblies were investigated in this study (Table 1). Chosen assemblies cover the 
typical assemblies used in Paks NPP: peripheral assemblies with four and five neighbours, 
internal assemblies with average and high power, assemblies beside control rod. 

 
Table I. Investigated fuel assemblies 

 

Notation Block Cycle Sector Position Characteristics Burn-out [eff. days] Power [MW]

420_52 4 20 1 52 Peripheral, 4 neighbours 160.44 2.805
421_34 4 21 4 34 Peripheral, 5 neighbours 223.08 3.845
421_24 4 21 5 24 Internal 223.08 4.33
421_45 4 21 1 45 Internal 223.08 5.323
421_8 4 21 6 8 Beside control rod 223.08 5.557  

 2



 

 
 

                                                                       
 
 
 
 

 

OUTLET
pOUT 

Location of
thermocouple

Catcher 
 

Fuel rods Central tube

Mixing grid
Shroud 

 

Spacer grid 

Channel in 
upper core 

support plate 

 

INLET
VIN(X,Y) 
TIN(X,Y) 

Tu=4%, µt/µ=95 
CA,IN=CA,IN(X,Y), A=2..6 

Central tube
INLET 

WIN,C, TIN,C 
Tu=5%, µt/µ=10

C1,IN=1 kg/kg 
 

Thermocouple
housing

 

Lower plate 
of PTU 

Assembly head 

Figure 1. Model of VVER-440 fuel assembly heads (cutaway view). 
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Figure 2. Mesh of the fuel assembly head model (cutaway view). 
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Figure 3. Fuel assemblies in transport container. 
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Figure 4. Possible configurations of mixing grid. 
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Notation Boundaries of regions [mm] Mixing scalars
R1 Central tube 1
R2 0-0.01685 2
R3 0.01685-0.02915 3
R4 0.02915-0.0425 4
R5 0.0425-0.05535 5
R6 0.05535-edge of shroud 6

 
Figure 5. Regions of tracer inlets. 

 
For chosen fuel assemblies calculations were performed in order to investigate the coolant 

mixing in details. Figure 1 shows the boundary conditions of CFD simulations. First, cycle 
tracking calculations were carried out using on-line version of C-PORKA 6 code [8]. As a 
result of calculations, nodal powers of pins were obtained. 

Thermal hydraulical properties of the coolant at the inlet of the assembly head model can 
be determined with both CFD rod bundle model [6] and COBRA subchannel code [9]. Based 
on pervious investigations, reliable predictions can be also received using inlet temperature 
and velocity fields determined with COBRA subchannel code [6]. In order to determine the 
inlet boundary conditions of the fuel assembly head model there is no need to use a CFD rod 
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bundle model, which has much higher computational demand than the COBRA rod bundle 
model. Therefore, inlet velocity and temperature distributions of the head were determined 
with COBRA subchannel code [8]. Inlet turbulence quantities namely turbulence intensity 
(Tu) and viscosity ratio (µt/µ) were given based on previous CFD rod bundle calculations for 
near the same conditions [10]. 

Inlet boundary condition was applied at the end of the central tube in order to take into 
account the flow from it. Velocity and temperature values were set on the basis of 
experimental experiences [4]. Due to the lack of related data, medium level of turbulence was 
assumed. At the top plane of the model, outlet condition was applied with 0 bar relative 
average pressure. Reference pressure was set to 122.85 bar. All physical walls were treated as 
no-slip smooth adiabatic walls. 

Mixing processes were investigated using so-called mixing scalars. Tracer scalar 
concentrations were given for the central tube (R1 region) and for five regions at the model 
inlet (Figure 5, R2-R6 regions). Concentration of a tracer is 1 kg/kg in its own region and 
0 kg/kg in every other. Passive scalar transport equation (1) was solved for each tracer 
(CA, A=1..6). 
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The first term in the left-hand side of Eq. (1) is the change of concentration in time; the 
second is the convective transport of concentration. The terms in parenthesis describe the 
transport by molecular diffusion (negligible in this case) and by turbulence. Last term is the 
volumetric source term. Thus, six partial differential equations were solved in addition to four 
equations of Navier-Stokes equation system, seven equations of turbulence model and heat 
transfer equation. 

Turbulence was modeled with BSL Reynolds stress model. This model is a second-order 
closure model, in which transport equations for individual Reynolds stresses and for specific 
dissipation are solved. It combines the advantages of ε and ω based Reynolds stress models 
using a blending function. BSL Reynolds stress model was proven to be appropriate to 
calculate the mixing processes in assembly heads [6]. The model was used with automatic 
near-wall treatment [5]. High Resolution scheme (~ 2nd order accuracy) [5] was applied for 
discretization of advection terms. Temperature dependency of the water properties was taken 
into account using IAPWS-IF97 water data, which are implemented in the CFX code. 
Convergence criteria were 10-4 for RMS of residuals. 

First, steady-state runs were performed. Since the flow field is unsteady beyond the rod 
bundle region [6], transient simulations were carried out for upper part of the model (see 
Fig. 6-9). (In this context, upper part means a part that begins with 2.5 mm above the last 
spacer gird.) The initial and inlet boundary conditions were extracted from the results of the 
corresponding former RANS simulation. The velocity components, concentration, 
temperature fields, turbulence quantities (Reynolds stresses and turbulent dissipation) on a 
plane 2.5 mm above the last spacer gird were used as inlet conditions for the transients. 
Second Order Backward Euler scheme was used for the temporal discretization. 0.00125 s 
time step was used, which means 3-4 inner iterations in one time step. 1 s long processes were 
investigated. This simulation time was long enough to evaluate the time-average of 
thermocouple signal and time average of concentrations on the thermocouple housing with 
sufficient certainty. Other boundary conditions and settings were the same as in the steady-
state calculations. 
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3. RESULTS AND DISCUSSION 
 
For all the five assemblies, steady and transient calculations were performed using 

6 INTEL XEON 3000 processors and 12 Gbytes RAM. A steady calculation needed about 20 
hours and 180 hours wall clock time was necessary for a transient simulation. In 421_34 case, 
effect of the mixing grid configuration was also investigated thus calculations were performed 
for all four mixing grid configurations (421_34_b1, 421_34_b2, 421_34_p1, 421_34_p2). 

Figure 6 represents the velocity field in the assembly head in 421_8 simulation case. The 
velocity field is relatively uniform among the fuel rods. Above the rods, eddies develop in 
many locations (behind the pins, in the corners between the shroud and the mixing grid). In 
the holes of the mixing grid, the velocity increases and further swirls form behind it. The 
largest eddies evolve near to the centre of the mixing grid. Approaching the catcher, the 
velocity distribution becomes relatively uniform. Behind it, the velocity increases in the 
middle region and additional eddies develop in the peripheral zone. The trace of the catcher 
can be observed clearly at the level of the in-core thermocouple. The velocity fields in the 
other investigated cases are similar to the presented one. 

Figure 7 shows the unsteady temperature distribution in one of the center planes and 
variation of surface averaged temperature on the thermocouple housing in case 421_8. It can 
be seen that unsteady thermal plume evolves in the middle of the assembly head due to the 
central tube flow. This plume and separations cause temperature fluctuations (1-1.5 °C) at the 
housing of the in-core thermocouple, which refers to intensive coolant mixing. 

 

 
 

Figure 6. Snapshot of velocity field in the assembly head (calculation 421_8). 
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Figure 7. Unsteady temperature field in the assembly head (calculation 421_8). 

 
 

 
 

Figure 8. Time averaged temperature distribution in assembly head (calculation 421_8). 
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Figure 8 represents the time averaged temperature field in case 421_8. The time averaged 
field is symmetrical in the middle region contrary to the snapshot. At the inlet, the 
temperature distribution is symmetrical according to the pin power distribution but slightly 
inhomogeneous. This characteristic practically does not change along short unheated part of 
the rod bundle. Moving down-stream, the temperature field becomes more uniform because of 
the effects of the mixing grid and catcher. Although the coolant mixing is intensive but the 4-
5 L/D long section between the ending of the pins and thermocouple is too short to have a 
complete mixing. There is 5 °C difference between the extremes of temperature at level of the 
thermocouple. Whereas mixing is not prefect but the thermocouple housing is surrounded 
with coolant that temperature is near to the outlet average value. Thus thermocouple measures 
near the outlet average temperature despite imperfect coolant mixing. This is a consequence 
of the effects of the central tube flow and lower outlet temperature of subchannels next to the 
central tube. The situation is very similar in the 421_45 and 421_24 cases, in which inlet 
temperature distributions are symmetrical likewise to 421_8 case. 

Figure 9 shows the time averaged temperature field in the 421_34_b1 case. This fuel 
assembly is located at the periphery of the core thus its temperature distribution is rather 
asymmetrical. In spite of the intensive coolant mixing, main characteristics of temperature 
distribution at the end of the rod bundle’s active part can be clearly observed at the level of 
the in-core thermocouple. Between the higher and lower temperature outer regions there is an 
average temperature middle zone. For that reason thermocouple measures near the outlet 
average temperature of the coolant. The same conclusions can be drawn in the 420_52 case. 

 

  
 

Figure 9. Time averaged temperature distribution in assembly head 
(calculation 421_34_b1). 

 
 
 
 
 

 8



 

Table II. Characteristic results of calculations 
 

TOUT TBAL ∆T ΗTOUT εTOUT TTC TTC,M HTTC εTTC ∆TTC δTC

[°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]
421_34_b1 296.84 297.13 31.13 -0.29 -0.92% 296.95 296.18 0.77 2.47% -0.18 -0.57%
421_34_b2 296.83 297.13 31.13 -0.30 -0.96% 297.68 297.18 0.50 1.59% 0.55 1.77%
421_34_p1 296.79 297.13 31.13 -0.34 -1.09% 297.14 297.18 -0.05 -0.15% 0.01 0.04%
421_34_p2 296.80 297.13 31.13 -0.32 -1.03% 296.90 297.18 -0.28 -0.90% -0.22 -0.72%

420_52 289.27 289.44 23.18 -0.17 -0.75% 290.07 289.15 0.92 3.96% 0.63 2.70%
421_24 300.05 300.34 34.86 -0.29 -0.83% 300.59 301.66 -1.07 -3.07% 0.25 0.71%
421_8 309.16 309.40 43.84 -0.24 -0.56% 309.40 308.62 0.78 1.78% 0.00 -0.01%

421_45 308.26 308.49 42.03 -0.23 -0.55% 308.68 307.69 0.99 2.37% 0.19 0.45%  
 
The main time averaged results of calculations are summarized in Table II. The outlet 

average temperatures of the coolant agree satisfactorily with the temperatures determined 
from the heat balance, the errors are smaller than 1.1% of the heat-up in every case. All of the 
calculations are normally converged, main part of deviations derives from the coupling of 
COBRA subchannel code with the CFX three dimensional finite volume code. In further 
comparisons, the outlet average temperatures determined from heat balance are considered. 

Differences between the calculated thermocouple signals and thermocouple signals 
measured with in-core thermocouples are in about ±1 ºC. Results show that thermocouple 
signal is influenced by the mixing grid configuration. Difference between results of 
421_34_b2 and 421_34_p2 calculations is about 0.8 ºC, which is not negligible. 
Unfortunately, this fact causes further uncertainty because position of mixing gird is not 
consistent. Considering the complexity and uncertainties of the modeled system 
(configuration of the mixing grid, assembly flow rate, central tube flow rate and temperature, 
contact between thermocouple housing and thermocouple, measuring uncertainties etc.), 
deviations from the in-core measurements are acceptable. The calculated thermocouple 
signals do not differ significantly from the outlet average temperatures determined from the 
heat balance. Exceptions are 420_52 and 421_34_b2 cases, in which there are slightly larger 
deviations between mentioned temperatures (about 2.7% and 1.77% of the coolant heat up). 
Based on the CFD results, in-core thermocouples measure near the outlet average 
temperatures of the coolant in the investigated cases. 
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Figure 10. Variation of concentrations on the thermocouple housing (calculation 421_8). 

 

Figure 10. shows the change of the surface averaged concentrations on the thermocouple 
housing, which are related to the weight factors of the six regions. Similarly to the 
thermocouple signal, the weight factors are not stable thus contribution of regions is changing 
in time. Main aim is specification of weight factors with which calculation of time averaged 
thermocouple signal is possible therefore the time average of six tracer concentrations were 
evaluated. 
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Figure 11. Concentration of tracers in assembly head (calculation 421_8). 
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Table III. Thermocouple signals determined from weight factors 
 

420_52 421_34_b1 421_34_b2 421_34_p1 421_34_p2 421_24 421_8 421_45
TTC,W 289.76 297.28 297.29 297.41 297.32 300.67 309.60 308.80
TTC 290.07 296.95 297.68 297.14 296.90 300.59 309.40 308.68

TTC,W-TTC -0.31 0.33 -0.39 0.27 0.42 0.08 0.20 0.12
TTC,W34_b1 289.75 - 297.28 297.28 297.28 300.51 309.65 308.71

TTC,W34_b1-TTC -0.32 - -0.40 0.14 0.38 -0.08 0.25 0.03  
 
In Figure 11 distributions of time averaged concentrations can be seen in assembly head. It 

can be observed that mixing grid and catcher have considerable impact on the coolant mixing. 
Grid affects the mixing in the whole cross section while the catcher influences it in the 
peripheral region. Tracers show intensive but imperfect mixing. Thermocouple signal is 
influenced by the central tube flow and the flow from R2, R3 and R4 regions namely flow 
from inner 6-7 subchannel rows. Flow from R4 and R5 regions do not have any significant 
effect on the thermocouple reading. 

Weight factors of regions were obtained from surface average of time averaged 
concentrations after normalization and division with mass flow of regions at the end of rod 
bundle’s active part: 
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Enthalpies at thermocouple were calculated based on the weight factors, mass flows and 

static enthalpies of regions at end of the rod bundle’s active part: 
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Thermocouple signals (Table III, TTC,W) were determined based on these static enthalpies 

(hTC,W) and static pressures using IAPWS-IF97 data base. Relatively good agreement was 
obtained between temperatures determined with heat transfer calculations (TTC) and 
temperatures determined based on weight factors (TTC,W). In the case of assemblies with 
symmetrical power profile, deviations between mentioned values are no greater than 0.2 ºC. 
In the case of assemblies with asymmetrical power profile, differences are slightly higher but 
no greater than 0.42 ºC. Thermocouple signals were determined using weight factors of 
calculation 241_34_b1 (TTC,W34_b1) also in order to check their universality. Similar 
predictions were obtained compared to the previous results in spite of the facts that mixing 
factors were used to assemblies with different pin power distribution and with different 
mixing grid position, too. Consequently, the weight factors do not depend significantly on the 
pin power distribution in the investigated range and on the configuration of the mixing grid. 
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4. CONCLUSIONS 

 
A CFD model for the head part of real working fuel assemblies with pitch of 12.3 mm has 

been developed based on experiences of former validation and sensitivity studies. 
Calculations were performed for five typical fuel assemblies used in the Paks NPP. 

Calculations showed intensive coolant mixing but the 4-5 L/D long section between the 
ending of the pins and thermocouple housing is too short to take place the mixing completely. 
Whereas coolant mixing is not prefect notwithstanding thermocouples measure near the outlet 
average temperatures of the coolant. Maximal difference between outlet average temperature 
and thermocouple signal is about 0.63 ºC, which is 2.7% of the coolant heat-up.  

Significant effect of the mixing grid configuration was found on thermocouple signal. 
Difference between results of calculations with different grid configurations can be 0.8 ºC. 
Because of the fact that the configuration of mixing grids is not consistent in different fuel 
assemblies this causes an additional uncertainty. There are generally about 1 ºC differences 
between the calculated and measured thermocouple signals. Considering the complexity and 
uncertainties of the modeled system, agreements are acceptable. 

Coolant mixing was analyzed in details with using so-called mixing scalars. Investigations 
showed that mixing grid and catcher have considerable impact on the coolant mixing. 
Thermocouple signal is influenced by the central tube flow and the flow from inner 6-7 
subchannel rows. Weight factors were determined from scalar concentrations. Thermocouple 
signals determined with weight factors are in relatively good agreement (in 1 ºC temperature 
range) with thermocouple signals calculated from heat transport calculations. Weight factors 
do not depend significantly on mixing grid configuration and pin power distribution in the 
investigated range. Intensive testing of weight factors is in progress in Paks NPP. Further 
investigations of the effects of different parameters (assembly flow rate, central tube flow rate 
and temperature, etc.) on weight factors are planed.  

In the near future, coolant mixing in profiled fuel assemblies with 12.2 mm pitch and fuel 
assemblies with burnable poison will be investigated and weight factors for the in-core 
thermocouple will be determined. 

 
 

NOMENCLATURE 
 

ATC Surface of thermocouple housing at the thermocouple 
CA Concentration of tracer ’A’ 
DAB Diffusion coefficient of tracer ’A’ referring to tracer ’B’ 
hA Enthalpies of regions at the end of rod bundle’s active part 
hTC,W: Enthalpy calculated with weight factors at the thermocouple housing 
HTTC: TTC-TTC,M

ΗTOUT: TOUT-TBAL

Am&  Mass flows of regions at the end of rod bundle’s active part 
SA Volumetric source of tracer ’A’ 
Sct Turbulent Schmidt number 
ΤBAL: Outlet average temperature calculated from the heat balance 
TOUT Outlet average temperature of the coolant calculated with CFD 
TTC: Thermocouple signal calculated with CFD 
TTC,M: Measured thermocouple signal 
TTC,W: Thermocouple signal calculated with weight factors 
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TTC,W34_b1: Thermocouple signal calculated with weight factors of calculation 
241_34_b1 

Ui Velocity components 
wA Weight factors of regions 
∆T: TBAL-TIN, where TIN is the inlet temperature of the coolant 
∆TTC: TTC-TBAL

δTC: ∆TTC/∆T 
εTOUT: ΗTOUT/∆T
εTTC: HTTC/∆T 
µt Turbulent viscosity 
ρ Density 
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