
International Conference 
Nuclear Energy for New Europe 2004Nuclear Energy for New Europe 2004Nuclear Energy for New Europe 2004Nuclear Energy for New Europe 2004    

Portorož  •••• Slovenia  •••• September 6-9 
 

port2004@ijs.si 
www.drustvo-js.si/port2004 

+386 1 588 5247, fax +386 1 561 2276 
PORT2004, Nuclear Society of Slovenia, Jamova 39, SI-1000 Ljubljana, Slovenia 

203.1 

 
Experimental Investigation of Power Peak in Vicinity of WWER-440  

Control Rod at End of Fuel Cycle  

Jan Mikus 
Research Centre Rez Ltd.  

CZ-250 68 Rez 130, Czech Republic 
E-mail: mik@ujv.cz 

ABSTRACT 

This paper presents some results of the axial power (fission density) distribution 
measurements carried out on the light-water, zero-power reactor LR-0 in a WWER-440 type 
core in vicinity of the WWER-440 control rod model at zero boron concentration in 
moderator, modelling the conditions at the end of the WWER-440 fuel cycle. Further 
information concerns the control rod model description, specification of the LR-0 core, fuel 
assemblies and measurement conditions. The aim of performed experiment is enlargement of 
the available “power peaking database” to enable the validation of the calculation codes by 
means of the measured data that correspond to the end of WWER-440 fuel cycle. 

1             INTRODUCTION 

Some information concerning the WWER-440 control rod (CR) influence on the space 
power (fission density) distribution and the possibilities of the experimental investigation on 
LR-0 reactor were presented in [1]. It is well known that the CR can cause power peaks in 
adjacent fuel assemblies as a consequence of the butt joint design of the absorbing adapter 
(part) to the CR fuel part [2], that is, presence of the water cavity, the beginning of which is 
the upper level of steel inserts in fuel assembly (FA) and the end - in FA cap; presence of the 
given cavity results in a flash-up of thermal neutrons in periphery fuel pins (rods) of the 
adjacent operating assemblies. 

From the point of view of boron acid concentration in moderator, this effect was 
investigated in two cases:  

1. First one with zero boron concentration, corresponding the end of fuel cycle, by 
means of calculations presented by Russian specialists in 1999 [2] and  

2. Second one with boron acid concentrations in moderator about 5 g/l by means of: 
• Experiment on LR-0 reactor at the Nuclear Research Institute (NRI) Rez plc in  

1994 with concentration 4.8 g/l in the frame of a contract with Hungarian NPP 
Paks [3] and 

• Experiment at concentration 5.15 g/l and calculation studies carried out at the 
RRC  “Kurchatow Institute” published in 2000 [4]. 

Because of complicated geometry and material composition of the CR, the detailed 
calculations of power distribution are complicated too. Since the case corresponding the end 
of fuel cycle mentioned above was only investigated by calculations, it was suggested to add 
needed experimental information by means of measurements to be performed on the LR-0 
reactor in appropriate WWER-440 type core at zero-boron acid concentration and containing 
a WWER-440 CR model [5], to have in this important case both the calculation and 
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experimental data. This suggestion is in accordance with “Conclusions” of the Technical 
Meeting on “WWER-440 Local Power Peaking Induced by Control Rods”, held at NRI Rez, 
2002, in the frame of the Technical Co-operation Project RER/9/070 “Strengthening Safety 
Assessment Capabilities of NPPs”, IAEA [6]. In such way desirable calculation and 
experimental information could be available for both zero and higher boron acid 
concentrations to validate computation codes. It is to be noted that detailed experimental 
space power distribution data cannot be obtained in the NPPs. 

It can also be noted, to suppress neutron flash-up the plates of metallic hafnium are 
arranged on the inner surface of the jacketed tube in the region of butt joint of the innovated 
CR; the performed physical calculations showed that in case of arrangement of hafnium plates 
the neutron flash-up is prevented completely [2]. According to our information, some of NPPs 
are equipped with above mentioned “hafnium innovation” (e.g., in the Russian Federation), 
another ones will be innovated in the near future; some of NPPs are operated with inserted 
CR, other ones not (e.g. Finnish NPP Loviisa). 

We can state, they are two situations concerning the code validation that should be taken 
into account: the first one corresponding to the end of fuel cycle, i.e. with zero-boron acid 
concentration in moderator, and the second one - at the start of fuel cycle, i.e. with this 
concentration being practically highest (at the conditions on the LR-0 reactor, i.e. the room 
temperature, atmospheric pressure, this concentration can be about 6.5 g/l). Of course, the 
investigation of these situations should also include both two variants - without and with 
hafnium plates in the CR, if possible. 

2             AIM OF EXPERIMENT 

The aim of presented experiment is to enlarge the available “power peaking” data base 
to enable computer codes validation also by means of results at zero boron concentration that 
correspond the end of WWER-440 fuel cycle. 

3             EXPERIMENTAL ARRANGEMENT AND CONDITIONS 

It is to be noted that the CR model on the LR-0 reactor is an “authentic” model, because 
it is made of original parts of a real CR, but in comparison with the original CR, the sequence       
of its height arrangement (the fuel, butt joint and absorbing parts) is reverse. It consists         
of three parts. The lower one contains 2 absorbing segments from the original WWER-440 
CR: hexagonal rings with outer diameter of 136 mm, thickness - 6 mm and height - 102 mm 
with 6 perforations, 1 in the centre of each of their 6 sides (diameter 10 mm). These absorbing 
segments, made of  borated steel (2.0 wt. %),  are placed in a stainless  steel  hexagonal  tube 
(thickness 2 mm). Inside of these 2 absorbing segments a stainless  steel  tube (outer diameter 
- 114.5 mm, thickness - 5 mm)  is  situated  which  has  the  following  perforations:               
6 apertures (60° symmetry) having diameter 10 mm being arranged in the rows with 100 mm 
distance between them. The upper part of the CR model is a 2.4 % enriched FA, placed in      
a hexagonal tube (thickness 1.5 mm) made of zirconium alloyed with niobium (2.5 wt.%). 
Between those two parts there is a butt joint that contains original parts of the WWER-440 
CR, too. In Fig. 1 the main parts of the complicated WWER-440 CR model are demonstrated 
with their positions in this model (identified by corresponding numbers) [7].  

The shortened WWER-440 type fuel pins were used having a 1250 mm active fuel 
length (UO2 pellets) with lower end situated 38 mm from the fuel pin end, excepting the 2.4% 
enriched pins of the CR model with their active fuel length (UO2 pellets) of 1073.6 mm and 
containing Zr tubes at their lower part (diameter 7.6/6.0 mm, length 56.7 mm, lower end 38 
mm from the fuel pin end), continuing with stainless steel cylinder (diameter 7.5 mm, length 
119.7 mm) and finally continuing with active fuel pin part.  
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Figure 1: Main parts of the WWER-440 CR model and their positions in this model 
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The hexagonal tubes of all FAs (excepting the 2.4% enriched one of the CR model 
mentioned above) are made of aluminium (thickness 2 mm). In all FAs the standard type 
stainless steel spacing grids (height 10 mm) defining the hexagonal lattice of the fuel pins in 
the CR model (denoted by SG-CR in Figs. 5 and 6 below) and in 12 FAs of the core (denoted 
by SG-Co) were used at positions with vertical (axial) coordinates having step of 240 mm.      
The coordinates of their centres (below the moderator critical height level) in 12 FAs were 
148 mm, 388 mm, 628 mm and 868 mm and in CR model - 543 mm and 783 mm from the 
lower end of the active fuel pin part (UO2 pellets) of 12 FAs. The vertical (axial) coordinates 
of the core arrangement are: 

   - 38.0 mm  -  Lower end of the fuel pins of 12 FAs  
       0.0 mm  -  Lower end of the active fuel pin part (UO2 pellets) of 12 FAs 
       5.5 mm  -  Bottom of the absorber segments in the CR model 
   209.5 mm  -  Top of the absorber segments in the CR model 
   465.0 mm  -  Bottom of the fuel pins in the CR model 
   503.0 mm  -  Bottom of the Zr tubes in the fuel pins of the CR model 
   559.7 mm -  Top of the Zr tubes and bottom of the stainless steel cylinders in the CR 

model fuel pins    
   679.4 mm -  Top of the stainless steel cylinders and bottom of the fuel pin active part 

(UO2 pellets) of the CR model 
   882.9 +/- 0.3 mm  -  Critical height (moderator temperature 15.7 +/- 0.9 °C). 
To start the experiment preparation with zero boron acid concentration in moderator, 

some needed calculations were performed to determine a core having suitable properties. On 
the ground of these calculations [8], the following core has been determined: it consists of the    
CR model placed in the core centre, around it - a ring of 6 FAs with the fuel pins having 3.6% 
enrichment except their periphery rows where three pins in all 6 corners have enrichment        
of 3.0 % and finally next 6 periphery FAs of the same composition around those ones 
mentioned above. Schematic arrangement of the FAs in the LR-0 core is presented in Fig. 2 
with FAs numbering in which the measurements were performed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2: Schematic arrangement of the FAs in LR-0 reactor core with WWER-440 CR model 
in its centre and the FAs numbering in which the measurements were performed 
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The arrangement of the fuel pins in FAs in LR-0 core with the WWER-440 CR model in 
its centre is shown in Fig. 3. The fuel pin positions numbering (the same as in [1]) and 
denotation of the measured fuel pin positions P, M and C in the FA (No 2 in Fig. 2) are 
presented in Fig. 4. 
 

 
 

Figure 3: Arrangement of the fuel pins in FAs in the LR-0 reactor core with WWER-440 CR 
model in its centre 
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The critical height of this core is sufficient to investigate power peaking effect in the 
vicinity of the CR model butt joint (see below). Such core represents a compromise between 
some NPPs conditions/needs (e.g. profiled enrichment of the fuel assemblies), LR-0 reactor 
possibilities (disposable fuel pins/assemblies) and suitable conditions for calculations        
(e.g. 60° symmetry). 

4             MEASUREMENT METHOD  

The measurements of the axial power (fission density) distribution have been performed 
by means of the gamma activity determination (gamma scanning method) of the irradiated 
fuel pins, detecting gamma quanta in the La peak area - 1596.5 keV of their selected parts 
having 20 mm length in the axial coordinates range of 50 - 950 mm with 10 mm step using a 
rectangular collimator (dimensions 20x10 mm). Two NaI(Tl) scintillation crystals (one as a 
monitor) with diameter of 40 mm were used, each of them in Pb shielding (thickness          
150 mm). The measurement process was realized automatically by means of PC connected 
with a stepping motor and CAMAC modules. The fuel pin rotated around its own axis during 
the gamma scanning.  

The measurements were carried out using the fuel pins irradiated in FAs No 1,…,6    
(see Fig. 2), namely: 

• In 6 equivalent (with respect to the CR model) fuel pin positions Pi of the FAs No i    
(i = 1,…,6), situated in the centre of the periphery fuel pin rows adjacent to the CR 
model; in case of the FA No 2 - P2 is the fuel pin position No 119 (see Fig. 4) 

• In 6 equivalent fuel pin positions Mi of the FAs No i (i = 1,…,6) situated in the 
centre of the fifth rows from CR model; in case of the FA No 2 - M2 is the fuel pin 
position No 17 (see Fig. 4)  

• In 6 equivalent fuel pin positions Cij of the 3 FAs No j (i = 1, 2; j = 2, 4, 6) situated 
in both (i = 1, 2) to the CR adjacent corner fuel pin positions of the FAs No j (j = 2, 
4, 6); in case of the FA No 2 - C12 and C22 are the fuel pin positions No 116 and 122, 
respectively (see Fig. 4). 

By means of one (intensive) irradiation the axial power distributions in all above 
positions Pi, Mi and Cij were determined and the weighted mean values of the power 
distributions in corresponding fuel pin (fictive) positions P, M and C were determined (in case 
of the FA No 2, the positions P, M and C are equivalent to the fuel pin positions No 119, 17 
and 116 as well as 122, respectively - see Fig. 4).   

5             RESULTS 

The relative axial power distribution values in fuel pin positions P, M and C are 
presented in Fig. 5.  

The peaking factor of the power distribution in fuel pin position P regarding to the 
power distribution in position M was determined by means of the ratio of the corresponding 
power distribution values in position P and in position M, i.e. P / M distribution values in all 
measured axial coordinates. In the same way the peaking factor corresponding the power 
distribution in position C was determined by means of the power values ratio in positions C 
and M. Both peaking factors are demonstrated in Fig. 6. 
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Figure 5: Relative axial power distribution in positions P, C and M 
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Figure 6: Peaking factor of the axial power distribution in positions P and C regarding to 
position M 
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6             CONCLUSION  

The obtained experimental results enlarge the available “power peaking database” and 
enable validation of the codes also in the case of zero-boron concentration in moderator that 
corresponds to the end of WWER-440 fuel cycle. This validation can improve the reliability 
of the calculation results of the power distribution in WWER-440 cores, re-loading schemes, 
etc. More information about the power peaking phenomenon can be found in [6]. 
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