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Abstract 

The report deals with the results of a study of critical heat fluxes (CHF) on the rod 
bundles equipped with mixing grids – intensifier of heat exchange. The study was carried out on 
FA dummies equipped with various kinds of mixing grids: “Vikhr” and “Sector screw die”. The 
tests were carried out at the following parameters: 

- pressure 14 and 16 MPa; 
- mass velocity 2000, 3000 and 4000 kg/(m2⋅s); 
- relative enthalpy from minus 0,07 up to 0,18. 
Bundles with uniform and non-uniform axial heat generation were tested. 
The results of the experiments are intended for the elaboration of a correlation to be used 

in design development. 
 
 



 
Introduction 
The investigations on the improvement of VVER reactor operation and their power 

uprating are under way in Russia. Power uprating for the Russian NPP Units have been carried 
out according to the “Program of power generation uprating at the operating Units of JSC 
Concern Rosenergoatom NPPs for 2007-2015”. The first step was 104 % power uprating at the 
Balakovo NPP Unit 4, Rostov NPP Units 1 and 2 and Kalinin NPP Unit 4. The task stated at 
present is to uprate the power of VVER-1000 reactor to 107-110 %. 

TVS-2M fuel assemblies are supposed to be loaded into the reactor to reach this power 
level. The FAs of this type differ from the previous FA designs in mixing grids (MG) installed 
for heat exchange intensification: two “Vikhr” (Vortex)-type MGs in the upper part of the FA 
and two “Sector screw die”-type MGs below them. A “Vikhr” MG contributes to the steam-and-
water stream vortices inside the cell between the heated fuel rods, scattering water droplets 
flying in the stream on the fuel rod surface. The MG of “Sector screw die” type arranges the 
row-to-row movement of part of the steam-and-water stream from one cell to another, 
contributing to the alignment of enthalpies and temperatures in the cross-section. The installation 
of these MG is supposed to allow intensifying the heat exchange in the upper part of the FA and 
keeping the DNBR values within the acceptable range. 

The purpose of the experiments was to estimate the efficiency of “Vikhr”(Vortex)-type 
and “Sector screw die”-type MG application in FA dummies to obtain the data to be transformed 
into the recommendations for subsequent use at design development. 

 
Description of experimental test facility 
The study was carried out on the test facility at OKB "GIDROPRESS" described in detail 

in [1]. The test equipment allowed carrying out a study of CHF on fuel rod bundles with the 
heated length from 1,25 up to 3,5 m within the following range of parameters: 

- pressure up to 18 MPa; 
- mass velocity from 1000 up to 4000 kg/(m2⋅s); 
- power on bundle up to 1100 kW; 
- subcooling of coolant on the bundle inlet from 5 °C and more. 
The test facility is equipped with the necessary set of instrumentation. The pressure in 

various points of the circulation circuit is measured by standard manometers and pressure gauges 
of "Sapphire" type. The flow rate of coolant is measured with orifice flow meters. The 
temperatures in various points of the circulation circuit are measured with thermocouples. The 
acquisition of information from the primary transducers of pressure, pressure differential, 
temperatures, current and voltage was carried out by the system made up of the modules of 
produced by the National Instruments company. Each parameter was registered at a frequency of 
10 Hz. The indications of all thermocouples installed in the bundle tubes were displayed on the 
screen of one of the monitors in the graphic mode. The mimic panel of the test facility was 
displayed on the screen of the second monitor with the indication of all the mode parameters. 

The scale of FA dummies was determined, proceeding from the available capacity of the 
power supply to the experimental section. The allowable number of rods in the bundle was seven 
with the heated part of the experimental section 1750 mm long. In the experiments at the test 
facility in OKB "GIDROPRESS" the conditions were observed that allowed transferring the 
results of the research on the full-scale FA, consisting of a larger number of rods. The seven-rod 
bundle represented a fragment of a rod array with "standard" cells without thermohydraulic 
heterogeneousness, as shown in Figure 1. One of the basic requirements was to choose such a 
size of the hexahedral channel that DNB arose simultaneously on all the rods of the bundle. The 
simultaneity of DNB implies that all of them are in approximately equal conditions of cooling, 
which permits to transfer the results on a full-scale FA. 
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1 – beginning of cycle;   2 – end of cycle 
Figure 2 - Axial power shape in the core of the NV NPP-2  

                 accepted for the safety analyses 
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The heated part of the bundles with uniform heat release was made from stainless steel 
tubes 1750 mm long with external diameter of 9.0 mm. The fuel rod dummy tubes were 
calibrated for both electrical resistance and outer diameter. The scatter of the tube electrical 
resistance did not exceed ± 1 %. The heated part of the bundles with non-uniform heat release 
was made from stainless steel tubes 1750 mm long with external diameter 9.1 mm and variable 
wall thickness along the tube length. They were calibrated for the tube total electric resistance 
and heat release profile. The scatter of the tube electrical resistance did not exceed ± 1 %. The 
heat release profile was determined by measuring the difference of voltage across a short tube 
section 20 mm long. The measurements were taken every 20 mm along the tube length. Two 
heat release profiles along the bundle length were chosen for experiments in the present study, 
corresponding to two periods of FA cycle: in the beginning of the cycle and at the end of the 
cycle. They are provided in Figure 2. 
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Figure 1 − Cross section of FA VVER-1000 and its fragment  
        as a seven-rod bundle 
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As the heated part of the bundles was confined to 1760 mm, the tested heat release 
profiles were shorter than those in Figure 2. 

In TVC-2M dummy, except for the SG installed at a pitch of 340 mm, the MGs of 
“Vikhr”-type, shown in Figure 3 were installed in two upper spans of the bundle, are located at 
the distance of 140 mm from the previous SGs. In the third and fourth upper spans the “Sector 
screw die”-type MGs, shown in Figure 4 were installed at the distance of 140 mm from the 
previous SGs. 

 
 Thermocouples were installed in each tube to record the DNB. In the bundles with 
uniform axial heat release two thermocouples per each tube were attached: one at the bundle 
outlet, the other downstream of the upper MG. In bundles with non-uniform axial heat release on 
five thermocouples were placed in each tube. Figures 5 and 6 show the axial arrangement of the 
thermocouples and grids over the bundle for both profiles of axial heat release.  
 The thermocouples were made of KTMS cable with external diameter 1,0 mm. The "hot" 
ends of all the thermocouples were insulated from the thermocouple cladding, which, actually, 
did not reduce the dynamic properties of the thermocouple. In bundles with non-uniform heat 
release the MGs were not installed in the upper span. They were moved one span downwards. 



 

 
 

 
 

Experimental results 
At the first stage of the study experiments were carried out on a bundle with uniform axial 

heat release. The heated section of the bundle was 1750 mm long. The studies performed for the 
following range of parameters: 

- pressure 14 and 16 MPa; 
- mass velocity 2000, 3000 and 4000 kg/(m2⋅s); 
- relative enthalpy in the DNB point from minus 0,07 to 0,14. 
The MGs were installed in the bundle beginning with the upper spans. In some tests the 

DNB appeared at the bundle outlet and sometimes upstream of the top MG at some distance 
from the outlet. It resulted in the stratification of the experimental points. It is shown in Figure 7 
for pressure 16 MPa and mass velocity of 4000 kg/(m2·s). In the experiments at pressure 14 MPa 
and the same mass velocity DNB only appeared upstream of the top MG. At this pressure, no 
CHF increment was observed. 

Experiments on dummy TVC-2M at uniform axial heat release have shown, that 
installation of four MG (two MG such as "Vikhr" and two MG such as «Sector screw die») 
results in insignificant gain CHF (from 7 up to 13 %). It is necessary to note, that installation 
MG has appreciably affected growth of the cladding temperature of rods at the moment of 
occurrence of crisis. In figure 8 comparison with the bundle equipped only SG is resulted. 

 

Figure 6 - Diagram of the thermocouples grid arrangement in bundles with  
      non-uniform axial heat release (Profile 2) 

Figure 5 - Diagram of thermocouple and grid arrangement in the bundles with  
      non-uniform axial heat release (Profile 1) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At the second stage of study experiments have been continued on bundles with a non-

uniform axial heat release. As it is told above, two profiles of a heat release have been tested. On 
dummies TVC-2M as against a bundle with uniform heat release the MG have been established 
on one span below on a stream. 

In the experiments on the bundle with Profile 1 (the beginning of cycle) the DNB 
basically arose in two axial sections: upstream of the top SG at the height of 1445 mm counting 
from the bundle inlet (section 1) and upstream the second SG counting from the top SG at a 
height of 1105 mm (section 3). Figure 9 provides the results of the experiments in coordinates 
“critical power - temperature at the bundle inlet”. It also provides for the sake of comparison the 
data received for the bundle without MGs. The comparison is given for three mass velocity 
values of 2000, 3000 and 4000 kg/(m2⋅s). 

The figure shows that the critical power on TVC-2M dummy with SG higher than in the 
bundle only equipped with SG. The increase in the capacity reached 13 % at 16 MPa pressure 
and 4000 kg/(m2⋅s) mass velocity. At 14 MPa pressure and mass velocity of 4000 kg/(m2⋅s) the 
increase in capacity was only 5 %. With the reduction of the mass velocity the gain in capacity 
reduces. 
 

For pressure 16 MPa                                        For pressure 14 MPa 

Figure 7 – Change of CHF due to MG installation 
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Figure 8 – Influence of MG on the rate of the DNB 
evolution



 
In experiments on a bundle with heat release Profile 2 (the end of the cycle) DNB 

appeared at pressure 16 MPa in two sections over the height: near the bundle outlet at the height 
of 1595 mm (section 1) and upstream of the MG of "Vikhr" type at the height of 1255 mm 
(section 3). At pressure 14 MPa the DNB appeared only in section 1 (1595 mm from an inlet). 
Figure 10 provides the results of the experiments in coordinates "critical power - inlet 
temperature in the bundle". The data obtained on the bundle without MG are also provided in the 
same place for comparison. The comparison is given for three mass velocity values: 2000, 3000 
and 4000 kg/(m2⋅s). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is seen in the Figure that the critical power on the bundle with a MG is higher than that 

on the bundle only equipped with SG. The increase in power at pressure 16 MPa and mass 

for pressure 16 MPa                                      for pressure 14 MPa 
Figure 9 – Change of critical power of the bundle depending on the inlet  
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for pressure 16 MPa                               for pressure 14 MPa 
Figure 10 – Change of critical power of the bundle depending on the inlet  
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velocity of 3000 kg/(m2·s) was 9 %. At pressure 14 MPa and mass velocity of 3000 kg/(m2·s) the 
power increase was equal to 14 %. 

The experiments made on the TVC-2M dummies have shown that the installation of MG 
in the top part of the FA results in the growth of critical power and, respectively, to the growth of 
the local CHF. At this, the gain of the power and local CHF depends on the mode parameters. As 
a rule, the higher is the mass velocity of coolant, the greater is the gain observed, which is 
especially well demonstrated at non-uniform axial heat release. The effect of pressure is shown 
ambiguously. So, at uniform heat release along the length, CHF increases due to the installation 
of MG at pressure growth, as at pressure 16 MPa the place of DNB moves towards the end of the 
heated area. Meanwhile, at non-uniform axial heat release the reverse tendency is observed. As 
the pressure increases the CHF gain decreases. This conclusion coincides with the results of the 
experiments carried out in RF SSC IPPE. 

The installation of MG in a TVC-2M dummy with non-uniform axial heat release results 
in the displacement of the place of DNB towards the bundle outlet. So, for Profile 1, in the 
bundle only equipped with SGs, at pressure 16 MPa the DNB appears in the area with high heat 
fluxes at the distance of 800 - 900 mm from the bundle inlet. After the MGs have been installed, 
under the same conditions the place of DNB moves closer to the bundle outlet in the area of 
lowered heat fluxes (at the distance of 1100 - 1400 mm from the bundle inlet). The gain of 
critical power due to the installation of MGs little depends on the shape of heat release profile. 
At pressure 14 MPa the increase in the local CHF is actually identical to both profiles. At 
pressure 16 MPa the gain in CHF is greater for Profile 2 (the end of the cycle). 

 Conclusions 

The research carried out show that placing the MGs into the VVER FA dummy makes a 
positive effect on the DNB initiation conditions. 

At this, the MGs that intensify heat transfer (grids of "Vikhr" type) shall be located in the 
area of coolant boiling, i.e. in upper part of the FA. In the middle part of a FA in the area of 
subcooled water the MGs of “Sector screw die” type or "Sector" type are more effective, 
providing cross-sectional mixing of coolant. Such combination of MGs is used in TVC-2M 
design. The experiments on the FA dummy have shown that gain in power due to MG 
installation was up to 13 % depending on the mode parameters. The gain on CHF reached 40 % 
for the mass velocity of 4000 kg/(m2·s). 
  

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  
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