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ABSTRACT

One of the known issues of the WWER-440 reactors is the control rod coupler induced power
peaking in the neighbouring fuel assemblies. The effect has been discovered some years ago
and is believed to be the cause of several fuel failures during operation in VVER-440 reactors.
The effect itsef is due to over-moderation and small absorption in the region of control rod
coupler, leading to increase in thermal neutron flux and hence to power flare-up in the
neighboring fuel pins. The fuel vendor tackled the problem by attaching hafnium inserts on
the inside of the control assembly box.

The experiment performed in the LR-0 reactor focused on the axial and radial power profiles
in the vicinity of the control assembly with and without the hafnium inserts. The results of
measurements with zero boron concentration are presented. The hafnium insert causes a
decrease in peaking factor of about 30% in selected pins close to the control assembly. The
measurements are  compared with calculations performed with the MCNP-4C code. The
variables compared are the axial fission density distributions, peking factors and peaking
factor decrease due to Hf insert.  The MCNP results are accurate with respect to the
experimental results. A series of benchmarks is being prepared on the basis of these
measurements. 
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1 Introduction
Political changes and market driven pressures on more flexible WWER performance have
stimulated the process of increased identification and use of existing margins in WWER-440
fuel and core designs. Core designers on demand of the utility management use the existing
safety margins to increase company revenues. This also represents challenge to the licensing
authorities, which face requests for approval of new fuel design implementations and less
conservative technical specifications for the area of operation with limited experience.

With use of new fuel features and core designs some of the boundaries will be challenged and
possibly changed which may potentially become a licensing issue in the near future. 

One of the already known issues is the WWER-440 control rod coupler induced power
peaking in the neighboring fuel assemblies. This effect has been discovered some years ago
and is believed to be a primary cause for several fuel failures during operation in WWER-440
reactors. Extensive analytical work has been was performed by Czech, Russian, Hungarian
and Finnish organizations under the frame of AER activities during last 5 years.  Results of
this work indicate, that:
· complex geometry of this part of the core requires detailed fine mesh modeling;
· coupler causes high power peaks in neighboring fuel assemblies;
· fuel rod performance and lifetime is strongly impacted by power peaking and cycling

during the control rod movement;
· experimental confirmation and extension of the database is desired;
· change in the design of the coupler proved to be inevitable;

Some design modifications using hafnium plates inserted into the coupler region has been
proposed and also evaluated by the RRC-KI and fuel vendor organization TVEL. 

The experiments performed at the NRI Rez plc. address the issue of excessive power peaking
induced by control rod coupler in WWER-440 reactors as identified and analyzed in the past
five years. The experimental program is sponsored by the Czech Ministry of Trade and
Industry and IAEA and is aimed to verify proposed new solutions, establish/complement the
non-proprietary experimental database and define a set of benchmarks focused on this
important safety related subject internationally available to all parties involved in WWER-440
fuel licensing, core design and surveillance technical support

A core allowing the measurement of axial fission density distributions in the pins neighboring
the control assembly, hence measuring the power peaking and the impact of hafnium insert
upon the peaking was set up.

A series of experiments was performed that included the design modification with respect to
the control rod follower (CRF) induced peaking phenomena in the following sequence:

· complementing the experiments from 1996 and 2001 by the profiled fuel and
simulating zero boron conditions at the end of cycle without Hf;

· verification of the profiled fuel peaking under zero boron conditions for CRF with Hf
plating of the production type;
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· verification of the profiled fuel peaking under 2,5 g/kg boron conditions for CRF with
Hf plating of the production type; 

· verification of the profiled fuel peaking under 2,5 g/kg boron conditions for CRF
without Hf plating of the production type;

The paper only includes the results of the first two cases, i.e. zero boron with and without
hafnium inserts. Hafnium inserts of thickness either 0,6 mm or 0,4 mm were used to
investigate also the impact of the insert thickness upon the power peaking. The other
dimensions were 150*76,5mm in both cases.

2 MCNP-4C Calculations
The calculations for the experiment can be split into two parts. Firstly, the calculations using
the MCNP code served for the selection of the appropriate core configuration, i.e. of a
configuration, where the measurements of the desired physical parameters are feasible. The
process of selection of the core is described in detail in [1] and [5].

Secondly, the MCNP calculated pin-by-pin fission density was compared against the
experimental results.

3 Arrangement of the Experiment
The core used for the experiment including the detailed description of fuel assemblies is
shown in figures 1 to 5.

During the experiments the gamma-scanning methodology was used. The selected fuel pins
were withdrawn from the core immediately after the irradiation has finished and inserted into
automated gamma-scanning stand, which can measure the axial and/or tangential distribution
in a chosen discrimination window.

The methodology has been developed in the frame of the Czech Ministry of Industry and
Commerce Project “Development of the instrumentation and methods for industrial and
medical applications of the ionizing radiation” (Stage 4, solved by Mr. Frantisek Hudec, NRI).
The system currently runs on PC/Windows environment (the original hardware involved old
ISA cards, which are no more compatible with newer PCs).

For the experiments involving long-term irradiation it is necessary to use a suitable reactor
power monitoring system, because of the measurement sensitivity to this parameter. That is
why two years ago (in course of the REDOS project) it was decided to install new reactor
power monitors based on innovated NR1000 amplifiers with communications interface
allowing direct and simultaneous communication with PCs. The first PC monitor assists the
operators with reactor control whilst the other PC monitor is used as data logger by the
experimental staff.

The described experimental equipment was developed (except the NR1000 amplifiers, which
were only redesigned) by the LR-0 operational staff.
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The experimental data are given in references [8] and [9].

4 C/E Comparison

4.1 Criticality

It was found, that the originally calculated experimental moderator levels were systematically
over-estimated. The criticality calculations performed with the experimentally determined
critical moderator height yielded the result keff=0,991±0,0001(1 sigma). The reason for this
systematic shift has not been pin-pointed so far. An attempt was done to perform the
calculation with different data libraries (e.g. JEF-3.1 or JENDL instead of the ENDF/B-VI)
using the NJOY code. The control calculation with NJOY processed ENDF/B-VI data
produced keff= 0,994±0,0001(1 sigma). Results with JEF and JENDL libraries are not
available so far.  It is clear, that the data preparation may play a significant role in criticality.
The issue will be further pursued.

4.2 Fission density calculations

Fission density calculations were performed at the experimental critical heights. Selected
results are given in Figures 6-9.

The fission density calculations are in good agreement with measured data. The accuracy of
fission density calculation depends on the position of the calculated pin. The best agreement
between computation and experiment is achieved in pins 2 and 3. 

4.3 Peaking factors

Peaking factors were constructed as the fission density relative to pin 4. Pin 4 was selected for
“normalizing” because it is the most distant from the control assembly and hence the least
influenced by the presence of a “perturbation” in the form of a Hf insert. The agreement of
calculated peaking factors with experimental data is good.

Peaking factor decrease in the region of Hf insert was also quantified on the basis of the value 

{[PF(Hf 0,6 mm)-PF( no Hf)]/ PF( no Hf)}*100

The plot of this value in dependence on height can be found in figure 14.

The calculated fission densities of pins 1 and 5 are slightly over-estimated in the region of
approx. 50 cm in the no-hafnium case, leading to over-estimation in peaking factors of these
pins.
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 Calculated peaking factor of pin 1 is also very slightly over-estimated both in 0,4 and 0,6mm
Hf cases, hence the peaking factor decrease due to Hf insert for Pin 1 is “accurate”. 
Pin 5 is calculated accurately in the 0,6mm Hf case, but over-estimated for 0,4mm, hence
peaking factor decrease is over-estimated for 0,6mm insert (32% instead of 28%) and the
peaking factor decrease is “accurate” for 0,4mm insert.

5 Conclusion
The MCNP model gives systematically under-estimated values of criticality of the system.
The reason of this under-estimation was not cleared so far. The fission density experimental
data and the calculated fission density values are in agreement. The accuracy of calculated
peaking factors also depends on the position calculated. Although there are some minor
deviations from the measured values, the C/E match is again good. The experiments in the
LR-0 reactor provided reproducible high quality data. This data can be used to define a set of
benchmarks for industrial and licensing needs.
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8 Attachment 1 - Figures
Fig. 1 The LR-0 Reactor at the NRI Rez plc.

Fig. 2 The Core

Fig. 3 The Fuel Assemblies
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Fig. 4 Schematic position of Hf inserts

Fig. 5 The measured pins

7



Fig. 6 - 9 Calculated and measured fission densities for different Hf thicknesses
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Fig. 10-13 Peaking factors constructed from calculated and measured data for different Hf
thicknesses
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Fig. 14 Quantification of peaking factor decrease due to Hf insert

12


