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Abstract

CFD models have been developed for the heads adflthehe present and new type VVER-440
fuel assemblies using the experiences of formeirda@bn process. With these models,
temperature distributions were investigated in dgpiassemblies and in-core thermocouple
signals were calculated. The analyses show thdawcbmixing is intensive but not-perfect in the
assembly heads. Difference between the thermocosigleal and cross-sectional average
temperature at measurement level depends on tleenblstype. Using the models, weight
factors of the rod bundle regions for the in-cdrerinocouple have been determined. With these
factors, the thermocouple signals were estimatetirasults were statistically tested using the
registered data of the Hungarian nuclear powertplEms test shows that deviations between
measured and calculated temperatures can be st decreased and consequently
monitoring uncertainties can be reduced with usigweight factors.

Introduction

In VVER-440 reactors (Russian designed PWRSs), tre outlet temperature field is measured
with thermocouples, which are installed above 2a6l fassemblies. These temperatures are
important information since they are used to deiteenthe radial distribution of the power and
calculate the actual values of the limited paransatethe core monitoring system.

Some years ago, fuel assemblies with increasedpitotd were introduced in the VVER-440
NPPs in order to facilitate the reactor power uggrg. This change caused deviations between
the in-core measured and calculated coolant otgieperatures of the fuel assemblies. Initially,
the gamma radiation heating of the thermocouplesthaeir housings was supposed as the main
reason of these deviations. Lately, some CFD (Caatiomal Fluid Dynamics) calculations
called the attention that the temperature distidmst were generally not uniform in the
measuring cross-section therefore the thermocoupégsnot have measured the average values
and this fact could lead to the experienced denat{1], [2], [3]. In order to investigate this
problem experimentally, measurements were perforol@se to operational conditions of the
reactors on a full scale test facility in the Kuatbv Institute [4]. The problem was examined
with particle image velocimetry as well in the KFKiomic Energy Research Institute [5]. These
measurements achieved similar conclusions as tiestRulations.

This issue became rather topical nowadays sina®duattion of new assembly type with
burnable poison is in progress in Hungarian anc&roMiVER-440 NPPs. In order to gather
experiences, a CFD model has been developed fdrethe part of the Kurchatov Institute’s test
assembly with the code ANSYS CFX [6] and it hasrbealidated based on experimental
data [7]. Comprehensive sensitivity studies havenbgerformed for the mesh, the turbulence
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model and difference scheme and guidelines have éstblished for modeling of the VVER-
440 assembly heads. Applying the experiences efwhiidation process, further CFD models
have been developed for the heads of the old, theept and new assembly types. With these
models, typical fuel assemblies of the core hawnlevestigated.

1. Description of CFD models

In order to analyze the temperature distributiodetail and compute the thermocouple signal,
CFD models have been developed for the heads dflthprofiled, the present profiled and
new burnable poison containing VVER-440 fuel asdesshusing the codes ANSYS ICEM
and CFX. Experiences of former validation proc&§swWere utilized during the model
developments.

Geometrical structure of each assembly head medhlkisame. Their dimensions correspond
to the dimensions given in their technical docuratahs. Outer diameter of the rods is
9.1 mm in every case. The rod pitch is 12.2 mmheydld profiled assemblies and 12.3 mm
by the present profiled and new burnable poisortaznoimg assemblies. Figure 1 shows the
model of the heads of profiled fuel assemblies wath pitch of 12.3 mm. The beginning of
the investigated domain is at the end of the fueldte’s active part and end of the domain is
above the in-core thermocouple in the channel efugper core supporting plate. The model
contains all parts of an assembly head that cdoein€ée the coolant mixing significantly.
Because of meshing reasons, some details are gedptiut this can not have considerable
effect on calculation of the temperature field #mermocouple signal.

Every model was described with the same hybrid nstgicture (Figure 2). In the lower
region close to the spacer gird, a tetrahedral methprismatic near-wall layers was used.
Below and above this section, a prismatic mesh Wwikahedral near-wall elements was
generated. Because of the irregular shape of tiperugegion, it was described with an
unstructured tetrahedral mesh using prismatic tagerthe walls. The lower and upper gird
regions were connected with a grid interface. Ataapity of the mesh structure and
resolution was proven with sensitivity study ananparison to measured data in a pervious
work [7]. The girds of various assembly head modelssist of about 8.5-9 million elements
and 2.8-3 million nodes.

With these models, some old (P2), present (P3namdtype (G) fuel assemblies were studied
(Table 1). Investigated old and present type ashembvere used in former cycles of
Hungarian NPP’s Units 3 and 4 and new type asseshlill be used in a future equilibrium
cycle of Unit 4. These assemblies were / will betha inner positions (_I1 — _I3), in the
periphery of the core (_P4, P5) and next to therobrods (_NC).

The boundary conditions of CFD models were detesohiwith usual load-follow calculations
of the NPP [8], which were based on registered aipmral data by the old, the present fuels
and estimated data by the new fuels. C-PORCA neupioysical code was applied to
calculate the nodal powers of the pins. Figure @\shthe pin power distributions in two
selected profiled assemblies. Using the nodal psvike outlet velocities and temperatures of
subchannels at the end of the rod bundle’s acavevpere determined with the COBRA code.
These velocity and temperature distributions weesgribed at the main inlets of the CFD
models. Turbulence intensitf) and viscosity ratiog/i) of the inflows were based on the
results of former calculations with a rod bundleDO#Rodel [9].
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Figure 1 Model of the heads of the profiled fuedeasblies with rod pitch of 12.3 mm
(cutaway view).

The central tube flow was modeled as an inlet banndondition. The mass flow rates and
temperatures at the end of the central tube weleuleted from correlations, which were
determined using data measured on a full-scalefdesity [4]. The turbulence quantities were
given assuming medium turbulence level.

In order to investigate the contributions of the tmundle regions to the in-core thermocouple
signal, the coolant mixing was analyzed with nucertracers. Tracer inlets were defined at the
end of the central tube and at five regions ateihe of the rod bundle’s active part (Figure 4).
Concentration of a scalaCf\) is 1 kg/kg in its entrance region and 0 kg/kgewery other
entrance region.
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Figure 2 Mesh of the heads of the profiled fuekadslies with rod pitch of 12.3 mm
(cutaway view).

Table 1 Main characteristics of the investigatesl Assemblies.

Type Notation Characteristics Burnup-cycle ?npi;iﬁf?élpgns]e Power [MW]
P2 11 Internal 2 223 4.79
3.82% enrichment P2_12 Internal 2 223 4.57
profiled fuel assemblies,| P2_I3 Internal 3 160 4.27
12.2 mm rod pitch P2_NC Next to control assembly 3 223 4.70
(old type) P2 P5 | Peripheral, 5 neighbouring assembliep 1 111 3.83
P2_P4 Peripheral, 4 neighbouring assembliep 1 111 3.06]
P3 11 Internal 1 223 5.59
3.82% enrichment P3_I12 Internal 1 223 5.32
profiled fuel assemblies,| P3_I3 Internal 3 223 4.33
12.3 mm rod pitch P3_NC Next to control assembly 1 223 5.56
(present type) P3 P5 | Peripheral, 5 neighbouring assembliep 1 223 3.84
P3_P4 Peripheral, 4 neighbouring assembliep 1 160 2.80)
G_ 11 Internal 1 5 5.40
4.2% enrichment G_I2 Internal 2 100 5.32
fuel assemblies with Gd| G_I3 Internal 4 100 4.28
12.3 mm rod pitch G_NC Next to control assembly 3 100 4.60
(new type) G_P5 Peripheral, 5 neighbouring assembliep 1 5 3.62
G_P4 Peripheral, 4 neighbouring assembliep 4 100 1.86
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Figure 3 Distributions of the pin powers in two filed fuel assemblies.

Figure 4 Regions of passive scalars at the inlgt@fassembly head models
(Cain(x, y), A=2..6).

Outlet boundary condition of 0 Pa relative presswes applied at the upper planes of the
models. The reference pressures were 122-123 larding to the operational data. The
physical walls were treated as no-slip, adiabatitisy

Because of the high Reynolds number of the flowogalt million in the channel of the upper
core supporting plate) and complexity of the geoymehore sophisticated methods like Large
Eddy Simulation (LES) or Detached Eddy SimulatiBfe§) can not be reasonably applied. The
flow was described with the Unsteady Reynolds-AgedaNavier-Stokes (URANS) method.
Turbulence was modeled with the BSL Reynolds Stkésdel, which was proven to be able to
describe the flow field in the VVER-440 assembhadtti&[7]. In this model, transport equations
are solved for six individual Reynolds stresses spekific dissipation of the turbulent kinetic
energy. The model is recommended to use in the ohseall-bounded flows that include
difficult physical phenomena like strong streamlguevature and secondary eddies.

An additional transport equation (1) was solved é&ach passive scalar. This equation is
consistent with the heat transfer equation for &pthif the viscous dissipation is negligible. It
describes the change in time, the convection, thiecular diffusion and turbulent transport of a
tracer.
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where C, is the concentration of tracer ‘Ap, is the densityUj are the velocity components,

i is the turbulent viscositySc: is the turbulent Schmidt number amy is the molecular
diffusion coefficient of tracer ‘A’. Volume-averadevalue of thermal diffusivity was given for
the values of all diffusion coefficients since istigation of thermal mixing was the goal.

High Resolution Scheme [6] was used in the spalistretization of the convective terms.
Temperature and pressure dependencies of wateertiespwere taken into account using the
IAPWS-IF97 formulation, which is implemented in tbede.

First, steady-state calculations were performedh wie full models. Convergence criteria were
10* for RMS of the equation residuals. The surfaceayed values of tracer concentrations and
temperature on the thermocouple housing (Figumadrked by red) were monitored during the
calculations as well. Since completely steady-ssafations could be reached neither of these
parameters, transient simulations were performededisusing the steady-state results as initial
conditions. The region begins 2.5 mm behind theapgrid was investigated only because it
contains the unsteady regions. The steady-statabdisons of the velocity components, the
turbulence quantities (Reynolds stresses and dissr), the temperature and tracers’
concentrations were given as inlet boundary comaustiof the transients. The Second Order
Backward Euler Scheme [6] was applied in the tinserétization. 14 convergence criteria
were prescribed for RMS of the equation residu@al30125 s time step was used, which resulted
3—4 subiteration per step. The transients were51s1ong, which were enough to evaluate the
time averages of the thermocouple signals withomuat0.1 °C uncertainty.

2. Velocity and temperature fields in heads of fuel aemblies

The calculations were run using eight INTEL XEONOBOMHz processors. A steady-state
simulation needed about 20 hours and a transiemilation needed about 200 hours wall clock
time.

Figure 5 shows the instantaneous velocity fieldhef coolant in the assembly head of a profiled
fuel assembly with rod pitch of 12.3 mm. The veipdistributions are similar to this in the
cases of other fuel assembly types. Velocity fislcelatively uniform in the rod bundle. Behind
the rods, in the corners of the shroud and betiedntixing gird, large eddies develop, which
cause intensive convective mixing. The flow ac@dks in the cuts of the mixing grid because
the cross-section decreases. Due to the effetteofdtcher, the velocity increases in the middle
zone and vertical eddies form in the peripheralomeglt can be seen that a complex, three
dimensional flow pattern develops in the assembhds.

Figure 6 shows the time-averaged temperature ifieide head of an inner profiled fuel assembly
with rod pitch of 12.3 mm (P3_12). The temperatulistribution is nearly symmetrical but
inhomogeneous at the end of the rod bundle’s agteme¢ (at the inlet of the head model)
according to the pin power distribution (Figure Bhis character does not change significantly in
the inactive rod bundle region.



The 14" International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

Velocity
93

Figure 5 Instantaneous velocity field of the coblarhead of a profiled fuel assembly with rod
pitch of 12.3 mm (P3_1I2).
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Figure 6 Time-averaged temperature field in thedhefaa profiled fuel assembly with rod pitch
of 12.3 mm, symmetrical pin power distribution (F3.
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Figure 7 Time-averaged cross-sectional temperalistebutions at the level of the thermocouple
by different assemblies with symmetrical pin powdstributions.
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Figure 8 Time-averaged temperature profiles aloligea(see Figure 7) at the level of the
thermocouple by different assemblies with symmatlnién power distributions.

Change of the geometry’s shape, the mixing grid eatther intensify the coolant mixing
therefore the cross-sectional temperature distabubecomes more uniform downstream.
However, the 4-5 L/D long section between the dnthe@rod bundle and in-core thermocouple
location is too short that the coolant can mix @ettf). For this reason, there is near 5 °C
difference between the maximum and minimum of tlesssectional temperature field at the
level of the thermocouple. In spite of the non-petricoolant mixing, the thermocouple measures
nearly the cross-sectional average temperatligg )( in this case. Main characters of the
temperature distributions are similar by other mifigel assemblies, however the fields at
thermocouple level differ significantly (see Figsifé and 8). By a profiled assembly with rod
pitch of 12.2 mm (P2_12), the coolant temperaturtha thermocouple housing is higher than the
cross-sectional average value. By a fresh Gd adgdqi@bl1), this temperature is significantly
lower than the average one and by a Gd assembtyhigher burnup (G_12), it agrees well with
the average value. These different behaviors off@ls are caused by the burnup of the
Gadolinium from three rods near the assembly centre

In the case of a peripheral profiled assembly woth pitch of 12.3 mm (P3_P5), the temperature
distribution at the ends of the rods’ active pa&ig(re 9) is rather asymmetrical due to the
inclined pin power distribution (Figure 3). Thisathcter practically does not change in the
inactive rod bundle section. From the end of thd bundle up to the thermocouple, the
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inhomogeneity decreases significantly but aboutQ 8lifference remains between the extremes
of the cross-sectional temperature distributiothatthermocouple level. The temperature fields
are similar in the cases of other peripheral figskeanblies but there are significant quantitative

differences between them at the thermocouple I¢seé Figures 10 and 11). By a profiled

assembly with rod pitch of 12.2 mm (P2_P5), temipeeaat the thermocouple housing is higher

than the cross-sectional average value. By a fi@sh fuel (G_P5), this temperature is
significantly lower than the average and by a Gal fith higher burnup (G_P4) it corresponds
nearly with the mean value.
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Figure 9 Time-averaged temperature field in thedhgat of a profiled fuel assembly with rod
pitch of 12.3 mm, asymmetrical pin power distribat{(P3_P5).
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Figure 10 Time-averaged cross-sectional temperdigtebutions at the level of the
thermocouple by different assemblies with asymroatpin power distributions.
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Figure 11 Time-averaged temperature profiles abbhge (see Figure 10) at the level of the
thermocouple by different assemblies with asymroaipin power distributions.

Table 2: Main numerical results of the calculations

X TBAL TTC TTC_M TTC_TTC_M TTC-TBAL
Type Notation (Trc-Teal )/AT
[°C] [°C] [°C] [°C] [°C]
P2 11 303.8 305.2 306.4 -1.1 1.4 3.8%
0,
3.82% enrichment P2_12 302 303.3 303.3 0 1.3 3.6%
profiled fuel assemblies, P2_13 301 302.3 303.2 -0.9 1.3 3.6%
12.2 mm rod pitch P2_NC | 303.9 305.4 305.8 -0.4 1.4 3.8%
(old type)
P2_P5 296.1 297 296.8 0.2 0.9 3%
P2_P4 290.1 290.9 291.1 -0.1 0.8 3.2%
P3_I1 310 310.1 310.7 -0.6 0.1 0.3%
0,
3.82% enrichment P3_I12 308.5 308.7 307.7 1 0.2 0.5%
profiled fuel assemblies, P3_13 300.3 300.6 301.7 -1.1 0.2 0.7%
12.3 mm rod pitch P3_NC 309.4 309.4 308.6 0.8 0 0%
(present type)
P3_P5 297.1 297 296.2 0.8 -0.2 -0.6%
P3_P4 289.4 290.1 289.2 0.9 0.6 2.7%
G_11 309.4 306.9 - - -2.4 -5.8%
- - 0,
4.9% enrichment G_I2 308.9 309.1 0.1 0.4%
fuel assemblies with Gd, G_I3 301.3 301.6 - - 0.3 1%
12.3 mm rod pitch G_NC 303.7 304.1 . . 0.4 1.1%
(new type)
G_P5 296.3 294.5 - - -1.8 -6%
G_P4 282.4 282.6 - - 0.2 1.1%

Main numerical results of the calculations are samped in Table 2. The calculated signals
(Trc) agree acceptably with the data measured with itheore thermocouplesT{c m)
considering the uncertainties and complexity of pineblem. The deviations are within 1 °C
generally. Contact resistant between the thermdeoapd its housing, uncertainties in the
operational data, measurement and computationarsefneutronics, thermalhydraulics) can
contribute to these deviations. The differencesvbeh the calculated signals and cross-sectional
average temperatures at thermocouple leVgl ] are negligible in the cases of profiled fuels
with rod pitch of 12.3 mm. These differences arevieen 0.8 and 1.4 °C by profiled fuels with
rod pitch of 12.2 mm. The calculated deviation lesw the behaviors of these assembly types

10
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coincides well with the operational experiencesHaingarian NPP [8]. In the cases of Gd

assemblies, the differences between the calculaigdals and cross-sectional average
temperatures are significantly influenced by thenbp. The deviations are negligible by fuels
with higher burnup. Whereas, by fresh Gd fuelsehdgsviations are -2.4 and -1.8 °C, which are
about 6% of the average heat ups of the coolans fEsult calls the attention that assembly
powers can be significantly underestimated if tla@g simply calculated based on in-core
thermocouple signals without using any corrections.

The calculations show that the differences betwberin-core thermocouple signals and cross-
sectional average temperatures depend on the agséypke and in the cases of Gd fuel

assemblies they are influenced by the burnup as Wwhke monitoring uncertainties can be

reduced if the thermocouple signals are estimatetheé core analysis system and they are
compared to the measured data instead of the atdcuhverage temperatures.

3. Determination and test of weight factors

In order to determine the contributions of the bashdle regions to the thermocouple signal, the
coolant mixing was investigated with numerical &nac Figure 12 shows the distributions of the
tracers in the head of a profiled fuel assemblyhwitd pitch of 12.3 mm. The fields are rather
similar to these in the cases of other investigateskmblies. It can be seen that tracers entering
from different rod bundle regions do not mix unifdy in the cross-section up to the
thermocouple. Consequently, the coolant mixing o perfect. The mixing gird and catcher
considerably intensify the mixing. The gird inflees it in the full cross-section while the
catcher has effect on it in the peripheral regiananty. Flows from the central tube and R2, R3,
R4 rod bundle regions, accordingly from the innee fsubchannel rings influence significantly
the thermocouple reading.

Weight factors of the rod bundle regiodg)(were evaluated with taking the surface average of
the time-averaged tracers’ concentrations on taertbcouple housing (2).

1 1 1 to+At
N _[ ICA(Xi ’t)dtdA 2)
ZCA A-C At Ac to

where4t is the averaging time amhc is the outer surface of the thermocouple housing
around the thermocouple (Figure 1, marked by red).
Normalization was necessary because sum of theeotmations overshot with a few percents
because of used difference scheme for the advetetiors. The enthalpy at in-core thermocouple
housing frcs) can be estimated using the weight factors andageeenthalpies of flows from
central tube and regions at the end of the rod leisdctive part (3ha). The average enthalpies
can be calculated with the subchannel code implésdeim the core monitoring system. Using
the pressure and enthalpy at the thermocouple mgughe signal can be determined:

TTC,J = TC,J( hFC,J' p)

hos = 0,0, @)

A=L

11
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Figure 12 Time-averaged distributions of tracemsiaentrations in the head of a profiled fuel
assembly with rod pitch of 12.3 mm (P3_I2).

Table 3: Application of the weight factors for fuedsemblies with rod pitch of 12.2 mm.

P2_I1 P2_I2 P2 13 P2_NC P2_P5 P2_P4
T1c.5°Cl 305.4 303.4 302.5 305.5 297.5 291.5
Tc[°C] 305.2 303.3 302.3 305.4 297.0 290.9
Trc.5T1c [°Cl 0.2 0.1 0.2 0.1 0.5 0.6
Trc,5031°C] 305.3 303.4 302.5 305.4 297.4 291.3
Trc.5p5 T1c [°C] 0.1 0.1 0.3 0.1 0.4 0.4

The thermocouple signals were estimated in thescaball investigated fuel assemblies using
their own weight factors Tgcs). Results concerning profiled assemblies with mtth of
12.2 mm are given in the Table 3. The signals cdetgpwith the CFD modelsl{c) and signals
calculated with the weight factor$«s) agree well. These differences are not larger tharfC

by assemblies with symmetrical pin power distribng and 0.6 °C by assemblies with
asymmetrical pin power distributions. In order &sttthe generality, the thermocouple signals
were determined using the factors of a profileceadsy with rod pitch of 12.3 mmT{c; p3).
Similar results were obtained compared to the tesalculated with own factors. In the cases of
other fuel assembly types, the same discussionbeamade. It can be concluded that weight
factors of different assemblies do not differ sigmintly in terms of the thermocouple signal’s
estimation. A weight vector can be used for oth#ER-440 assemblies within the scope of this
investigation.

The weight factors were statistically tested uding registered data of 2@ycle of Hungarian
NPP’s Unit 4 and results of regular core analysisthis cycle, profiled assemblies with both
12.2 mm and 12.3 mm rod pitches were in the reactoe in equal shares. The frequency
distributions of differences between the measureti Galculated temperatures (4) are shown in
Figure 13.

ATie =Tem —Tre (4)

12
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Figure 13 Frequency distributions of differencesMeen the measured and calculated
temperatures in the cases of profiled fuel asse®bli
(20" cycle of Hungarian NPP’s Unit 4; 3,000 — 30,00€adzairs) [8], [10].

In the case ‘A’, perfect coolant mixing was suppmbseonsequently the calculated average
coolant temperatures at the thermocouple level wampared to the measured signals
(Trc=Tga). It can be seen that this assumption resulteddifferent frequency distributions in
the cases of two assembly types. The deviationdmivthe means of frequency distributions is
about 1.4 °C, which generally agrees well with theviations between these assembly types
experienced in the CFD calculations (Table 2)him ¢ase ‘B’, the signals were estimated using
the weight factors of the P3_NC profiled assem@ly£Tc;s). Due to this estimation, the
frequency distributions of different assembly tyjpesame similar and difference between their
means decreased significantly (to about 0.35 °@thBmeans are close to zero. It can be
concluded that dependence of the deviations orfulleassembly type can be eliminated and
monitoring uncertainties can be reduced with ughey weight factors to estimate the in-core
thermocouple signals. Based on these investigatior@n reason of formerly experienced
deviations between the measured and calculatederatopes is the non-prefect coolant mixing
in the assembly heads.

4. Conclusions

Applying the experiences of former validation preseCFD models have been developed for the
heads of the old profiled, the present profiled aea burnable poison containing VVER-440

fuel assemblies. The coolant mixing and temperdiahégs were investigated with these models
in some typical assemblies. The in-core measuredcafculated thermocouple signals agree
acceptably considering the uncertainties and caoxitglef the problem.

The analyses show that the mixing is intensiveibigt not perfect in the assembly heads. The
magnitudes of differences between the thermocowgiymals and cross-sectional average
temperatures at measurement level significantlyeddpon the fuel assembly type and in the
cases of Gd fuel assemblies they are influencethéyburnup as well. These deviations are
significant by the old type profiled fuels and thetnew type fresh fuels with burnable poison.
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The calculated difference between the behavioth@fold and present type profiled assemblies
coincides well with the operational experienceslohgarian NPP.

Coolant mixing in the assembly heads was analyagdmmerical tracers and weight factors of
the rod bundle regions for the thermocouple werterdegned. Based on these investigations,
flows from the central tube and inner five subclennngs influence significantly the
thermocouple reading. The thermocouple signals estiemated using the weight factors as well.
These estimated signals agree well with the sigietisrmined with the three dimensional CFD
simulations. The assembly type and pin power thstion do not influence significantly the
weight factors within the scope of this investigati

The weight factors were statistically tested usihg registered data of Hungarian NPP and
results of regular core analyses. This test shbassih-core thermocouple signals can be reliably
estimated using the factors. The dependence ofi¢hvéations on fuel assembly type can be
eliminated and monitoring uncertainties can be cedu using them. Based on these
investigations, main reason of formerly experienckviations between the measured and
calculated temperatures is the non-prefect mixmthe assembly heads. Implementation of the
weight factors in the core monitoring system of Haman NPP is in progress.
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