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Abstract 

The report deals with the results of studies of critical heat fluxes (CHF) on the models of 
VVER type reactor fuel assembly models equipped with the “Vihr” intensifiers-grids. The 
models are the seven-rod bundles with the uniform and non-uniform axial power that correspond 
to two periods of FA operation i.e. beginning of cycle and end of cycle. 

The experiments performed showed that the mixing grids of this type are capable of 
increasing the FA burnout power. The power ascension rate depends on both coolant pressure 
and steam quality value in the CHF point. Placing the mixing grids in the bundle upper spans 
results in shifting the point of DNB occurrence downward along the FA height. 

The experimental data obtained will be used to develop the correlations for determining the 
CHF in the FA equipped with the mixing grids. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
An increase in the FA thermal power for VVER-1000 reactor, AES-2006 reactor and 

VVER-TOI standard design, in addition to lengthening the fuel stack and increasing in the fuel 
mass, assumes heat transfer intensification in the reactor core to keep the DNBR values achieved 
in the VVER-1000 reactors. It is supposed to intensify heat removal from the fuel rod surface by 
placing the mixing grids (MG) in the FA upper part. In this case two types of mixing grids can 
be used.  

The first type MG is intended to align the temperature fields or relative enthalpies along 
the FA cross-section. Due to the fact that coolant circulation along the FA cross-section is 
implemented it is possible to decrease its heating non-uniformity for the separate FA cells 
thereby increasing the DNBR. 

The second type MG is intended to intensify heat transfer near the fuel rod surface. The 
components of these grids have an influence on the motion of the moisture drops flying with the 
steam in the central part of the bundle elementary cells to the fuel rod surface thereby increasing 
the CHF. The “Vihr” MG is referred to the grids of such kind. 

The present studies were focused on: 
- determining the CHF growth when placing the “Vihr” mixing grids in the FA; 
- evaluating an effect of axial power shape on MG efficiency. 

Description of the FA models  
The experiments were performed on the seven-rod bundles. A small transversal scale of the 

bundle was chosen because of the insufficient power of the voltage supply. However, it would be 
wrong to state that these experiments are not representative. The experiments carried out more 
than 30 years ago showed that on such scaled bundles it is possible to obtain the authentic results 
not refuted with time. 

In the experiments on the OKB “GIDROPRESS” test bench such conditions were 
implemented for the results of studies to be extended to the full-scale FA consisting of all the 
fuel rods. The seven-rod bundle was a fragment of the whole group of the fuel rods with the 
"regular" cells without thermal-hydraulic heterogeneities, as shown in Figure 1.  

One of the principal demands was to choose such dimension of hexahedral channel for 
DNB to occur simultaneously on all the rods of the bundle. The fact that all the rods will suffer 
from DNB at the same time means that all of them are approximately under the same cooling 
conditions and thus these results can be extended to the full-scale FA. Non-observance of this 
requirement gives rise to accumulating the thermal-hydraulic non-uniformity along the bundle 
cross-section being the more, the more its length. In this case the DNB occurs only in the bundle 
"hot" cells, and on the average the bundle parameters do not still reach the critical values. This 
fact creates a false visibility of the bundle length influence on the CHF. 

The bundle heated part was made from the stainless tubes of 9,1 mm outer diameter and 
1760 mm length, and the non-heated part - from the copper tubes and the rods of the same 
diameter. The stainless tubes were calibrated against both electrical resistance and outer 
diameter. The tolerance for outer diameter was ± 0,02 mm. The tube electrical resistance spread 
was not more than ± 1 %. They were connected with copper current leads by soldering. 

The rods were arranged in the bundle as a triangular grid using the cellular type spacer 
grids (SG) placed each 340 mm. The bundle heated part end was terminated at a distance of 
70 mm from the upper SG and 270 mm from the SG next to the last. The experiments were 
performed in several stages. At the first stage the experiments were performed on the bundle that 
had the uniform heat transfer along the length and was equipped only with the SG. At the next 
stages the MG were placed in the bundles in various combinations, besides, the experiments 
were carried out on the bundles with the non-uniform axial power. The photos of the grids used 
in the experiments are shown in Figure 2.  
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Figure 1 – Cross section of the VVER-1000 FA and fragment  
in the form of the seven rod bundle 

a)       b) 
 

a) - spacer grid    b) – mixing grid 

Figure 2 – The photos of spacer and mixing grids  



The DNB was recorded by means of the cable thermocouples connected in a common 
bundled cable and placed inside the bundle tubes. As the DNB moment a stepwise rise in the 
tube shell temperature was taken in case of the next power ascension at the constant values of 
pressure, flowrate and water temperature at the model inlet. All the parameters at the moment of 
DNB initiation were recorded by the data acquisition system being based on the “NATIONAL 
INSTRUMENTS” units. 

The errors of determination of the main parameters (with probability of 95 %) were as 
follows: 

- pressure ± 0,1 MPa; 
- temperature ± 2°C;  
- coolant flowrate ± 2,3 %; 
- heat flux ±1,5 %; 
- relative enthalpy in the DNB point ±1 %. 

Experimental results 
The preliminary experimental results were given in [1]. The number and parameters of the 

FA models studied are given in Table 1. In all the bundles the MG were placed at a distance of 
140 mm from the previous SG. 
Table 1 – Parameters of tested bundles  

Bundle No. Parameter 
No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 

Number of rods 7 7 7 7 7 7 7 7 
Diameter of rods, mm 9,1 9,1 9,1 9,1 9,1 9,1 9,1 9,1 
Heated length, m 1,75 1,75 1,76 1,76 1,76 1,76 1,76 1,76 
Axial power shape unif. unif. Fig. 4 Fig. 4 Fig. 4 Fig. 5 Fig. 5 Fig. 5 
Radial heat power, KR 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 
SG pitch along the model height, 
mm 

340 340 340 340 340 340 340 340 

The number of MG along the 
model height 

0 3 0 3 4 0 3 4 

 
For the tests two axial power shapes were chosen corresponding to two periods of FA 

operation: beginning of cycle and end of cycle. They were taken from the detailed project of the 
NV NPP-2 reactor plant and given in Figure 3. 

 2
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1 – beginning of cycle;   2 – end of cycle 
Figure 3 - Axial power shape in the core of the NV NPP-2  

accepted for the safety analyses
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Because of the power deficiency the bundle heated length was limited and therefore the 

tests were performed for the shortened power shapes as compared with those ones in Fig. 3. The 
kinds of the power shapes tested are given in Figures 4 and 5. 

Figure 5 – The power shape No.2 for  
       the end of cycle 
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Figure 4 – The power shape No.1 for  
      the beginning of cycle 
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The studies were carried out over the following range of the parameters: 

- pressure 14 and 16 MPa; 

- mass velocity 2000, 3000 and 4000 kg/(m2⋅s); 

-   water temperature at the bundle inlet from 280 to 320 °С. 

On the bundles Nos.1 and 2 the experiments were performed with the uniform heat release 
on the length. On the first bundle only SG were placed, and on the second one two versions were 
tested: with one MG and with three MG. The experimental results for these bundles are shown in 
Figure 6 in the form of dependence of burnout power on the bundle inlet conditions. It can be 
seen that placing the MG results in the burnout power rise. For a bundle with three MG the 
maximum effect was obtained. In this case the burnout power gain was about 15 %.  
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Figure 6 – Influence of the amount of established mixing grids on a rise  
                of burnout power (P= 16 MPа,  ρw= 4000 kg/(m2⋅s) 

The studies on bundles No.3 through No.8 were performed for the case of non-uniform 
axial power. In this case the experiments on bundles No.3 and No.6 (wherein only SG were 
placed) were a basis from which the bundle burnout power gain due to placing the MG was 



counted. Then two modifications of each bundle were tested. In one of them three MG were 
placed in each upper span of the bundle, in the other – four MG - in each upper span as well. 
Figures 7 and 8 show the experimental results of on the bundles with power shapes No.1 and 
No.2 in the form of dependence of bundle burnout power on the bundle inlet conditions. Such a 
form of presentation of the results enables to estimate the critical parameters of the channel 
irrespective of the DNB initiation point along the bundle height.  

Figure 7 – Influence of MG on the bundle burnout 
                  power (profile No1, P= 16 MPа) 
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1 - ρw = 2000 kg/(m2,s);  2 -ρw = 3000 kg/(m2,s);  3 -ρw = 4000 kg/(m2,s) 

without MG;               with 3 MG;                       with 4 MG 
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Figure 8 – Influence of MG on the bundle burnout 
                 power (profile No2, P= 16 MPа) 

      1 - ρw = 2000 kg/(m2,s);  2 -ρw = 3000 kg/(m2,s);  3 -ρw = 4000 kg/(m2,s) 

                    without MG;                 with 3 MG;               with 4 MG 

Placing three MG results in insignificant critical power gain. At mass velocity of 
2000 kg/(m2⋅s) placing three MG gives practically nothing. The largest effect with three MG is 
reached at mass velocity of 4000 kg/(m2⋅s). The critical power of the bundle with shape No.1 



increased by about 6 %. DNB was observed in the second bundle span at a distance of about 1/3 
from the upper heated part end. 

Upon placing an additional fourth MG into the same bundle the situation changed a little. 
The burnout power gain increased as compared with the version with three MG, particularly at 
mass velocities of 3000 and 4000 kg/(m2⋅s). At mass velocity of 4000 kg/(m2⋅s) this effect 
reached 12 %. 

The similar situation was observed for the bundles with shape No.2. In this case DNB 
occurred close to the bundle outlet at a distance of 1/8 from the upper heated part end. The 
largest gain took place in case of placing four MG and was equal to 11 %. 
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Figure 9 – Comparison of curves of DNB occurrence in  
                  the bundles with and without mixing grids  

Placing the MG caused not only an increase in burnout power. A character of DNB 
initiation changed as well. If on bundles with the SG only a jump of the fuel rod simulator 
surface temperature at the DNB moment occurred quickly, then in the bundle with four MG the 
DNB development occurred smoothly. The temperature rise in the DNB initiation point was 
slow and its value was less than in the bundles without MG. Figure 9 shows comparison of the 
curves of temperature rise at the DMB moment for both cases.  

During non-uniform axial power the CHF value in the DNB initiation point depends not 
only on the rod bundle power released, but also on the DNB initiation point. With the same 
bundle power we can obtain strongly different local CHF. If DNB occurs close to the bundle 
outlet, CHF will be less than in case if DNB would occur at a large enough distance from the 
bundle outlet. Because of this fact comparison of the SG equipped bundles with the MG 
equipped bundles by the local heat fluxes becomes difficult. 

Let's try to carry out such comparison. It is easier to compare the bundles with power shape 
No.2 because in this case the DNB in most cases occurred close to the bundle outlet. Figure 10 
shows such comparison for the case with placing three MG under pressure of 16 MPa. All the 
points are given for the DNB initiation coordinate of 1600 mm (cross-section 1) that is close to 
the bundle outlet.  

As it is seen from the Figure, an increase in CHF due to placing three MG is quite 
insignificant. It should be noted however that in case of mass velocity of 4000 kg/(m2⋅s) at which 
the largest power gain was observed, the DNB occurred much more often in the more lower 
cross-section than cross-section 1. If the power surge in the experiments continued before 
initiating the DNB in the output cross-section as well, the CHF gain would be more. 

Now let’s consider the effect due to placing four MG. This case is shown in Figure 11. As 
it is seen in Figure, the positive effect is observed, but practically no data are available at mass 
velocity of 4000 kg/(m2⋅s); this fact is explained by the DNB point shifted downstream into the 
area of the high heat fluxes (into cross-sections 2 and 3). If in the experiment the further power 
gain in the bundle occurred for the DNB to extend to cross-section 1 as well, the CHF could 



increase and the effect would be more. However with a view of saving the bundle the subsequent 
power surges upon increasing the temperature were not performed. 
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Figure 10 – Comparison of CHF in the bundles with 3 MG 
                    and without MG (P = 16 MPa) 

Figure 11 – Comparison of CHF in the bundles with 4 MG 
                    and without MG (P = 16 MPa) 
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Conclusions 
The carried out experiments showed that placing the “Vihr” mixing grids into the VVER 

fuel assembly model has a positive effect on the DNB initiation conditions. 
First, the burnout power gain on the bundles has been observed under the comparable inlet 

conditions and geometrical parameters of the bundle. In case of placing four “Vihr” mixing grids 
the bundle c burnout power under pressure of 16 MPa and mass velocity of 4000 kg/(m2⋅s) 
increases by about 11-12 %. 



Secondly, upon placing the mixing grids the DNB in the upper bundle part develops 
weakly. The temperature rise of the fuel rod simulator claddings is insignificant and takes a long 
time. 

The best effect is reached when four mixing grids are placed into the FA model. 
The experimental results are processed and will be used for elaboration of the calculated 

recommendations. 

Abbreviations 

     DNB 
     CHF 

- departure from nucleate boiling  
- critical heat flux 

      FA - fuel assembly 
      MG - mixing grid 
      NPP - nuclear power plant  
      SG - spacer grid 
      VVER - water-cooled water-moderated power reactor  
  

Symbols 

      P - pressure, MPa 
      ρw - mass velocity, kg/(m2⋅s) 
      L - length, mm 
      unif - uniform 
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