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ABSTRACT 
 

The results obtained using the TURBOFLOW computer code are presented for the 
numerical calculations of space distributions of coolant flow, heating and boiling characteristics 
in WWER fuel assemblies with regard to the effect of mixing grids of “Swirler” and “Run-
through” types installed in FA on the above processes. The nature of the effect of these grids on 
coolant flow was demonstrated to be different. Thus, the relaxation length of cross flows after 
passing a “Run-through” grid is five times as compared to a “Swirler”-type grid, which 
correlates well with the experimental data. At the same time, accelerations occurring in the flow 
downstream of a “Swirler”-type grid are by an order of magnitude greater than those after a 
“Run-through” grid. As a result, the efficiency of one-phase coolant mixing is much higher for 
the grids of “Run-through” type, while the efficiency of steam removal from fuel surface is much 
higher for “Swirler”-type grids. To achieve optimal removal of steam from fuel surface it has 
been proposed to install into fuel assemblies two “Swirler”-type grids in tandem at a distance of 
about 10 cm from each other with flow swirling in opposite directions. “Run-through” grids 
would be appropriate for use for mixing in fuel assemblies with a high non-uniformity of fuel-
by-fuel power generation. 
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1. Computational models 
 

The calculations were performed with the 2D TURBOFLOW code designated to perform 
engineering analysis of two-phase nonsteady-state flows [1]. 

The following model was developed to calculate the mixing of heating and steam void 
fractions in fuel assembly caused by the effect of Swirler and Run-through mixing grids on the 
flow. The pattern of cross flows moves in this case along the FA axis at a constant rate. To each 
time points there corresponds the position along the length from the FA inlet. 

A three-phase system is considered. Phase 1 is cold liquid; Phase 2 is liquid on saturation 
line; Phase 3 is steam. Heating is phase transition from Phase 1 to Phase 2; boiling is the 
transition of Phase 2 to Phase 3 (in the absence of Phase 1). Initial condition: Phase 1 
concentration is everywhere equal to 1. 

In the course of the calculation, at the right moment a pre-computed initial state of cross 
flow is added for mixing grids of Swirler and Run-through types, which is maintained at 0.0025 
sec (15 mm of the length); then the flow is relaxed. The friction on fuel surface (which causes 
attenuation) is determined only by axial velocity and does not depend on cross flows, which are 
relatively small. The rate of decrease in transverse velocities is proportional to axial velocity in 
FA, while the relaxation length does not depend on axial velocity (the relaxation constant is 
inversely proportional to axial velocity). Due to the determining effect of axial velocity on 
friction coefficients, the problem of relaxation of cross flows becomes linear, and the velocities 
decrease exponentially. 

The computational model is shown in Figure 1. This is a horizontal section of a FA part. 
To calculate cross flows and transfer in a rod bundle with Swirler-type mixing grid, in 
subchannels between fuel elements there are given the points representing the centers of flow 
rotating disturbances. The rotations are directed in different directions in adjacent subchannels. 
To calculate the relaxation in a rod bundle with a Run-through mixing grid, initial cross flows 
are given between adjacent rows of fuel assembly in different directions in adjacent rows. The 
patterns of cross velocity disturbances when the flow passes Swirler or Run-through mixing grid 
are shown in Figure 2. 

The coefficient of turbulent viscosity is calculated by the value of axial velocity. The 
coefficient of turbulent thermal conductivity was taken equal to the coefficient of turbulent 
viscosity (Pr number ~1). The coefficient of turbulent steam diffusion was taken based on the 
data from Ref. [2]. Relative values of thermal load on fuel surface are shown in Figure 1. The 
average value of thermal load corresponds to a power factor of 1.6. The calculations were 
performed without any limitation of FA length, i.e. achieving total coolant boil-off requires a rod 
bundle of about 10 m in length. 

To eliminate errors in the calculation results due to inaccurate definition of the fuel 
surface form, the power generation along the perimeter of fuel elements is renormalized. 

 
2. The relaxation length of mixing grid effect 

 
The relaxation parameters of cross flows were evaluated for single-phase flow. Initial 

conditions (transverse velocities at flow outlet from mixing grid) are calculated as steady-state 
flows, while the distribution of velocities is determined by viscous forces. The velocity profiles 
are obtained in this case close to uniform, which corresponds to the designs of guiding elements 
of the grids under consideration. 

With the stream transverse velocities are decreasing. Figure 3 shows the curves of 
transverse velocity near fuel elements as a function of distance to the mixing grid. The variations 
along the lengths are of exponential nature. The exponents close to the calculation are also 
presented in the figures. 

The constant of relaxation length for Swirler-type mixing grid is 3.4 cm, while it is 16 cm 
for a Run-through grid. This corresponds to existing experimental data. The differences in the 
relaxation length for mixing grids of Run-through and Swirler types are explained by different 



kinetic energy of rotating and unidirectional motions at equal velocities on fuel surface and equal 
friction losses. 

 
3. The efficiency of equalizing of single-phase coolant parameters over FA cross-section  

 
Figure 4 shows the patterns of relative heating in the space between fuel elements for 

uniform and non-uniform fuel-by-fuel distribution of power generation.. 
At uniform power generation the maximum heating is achieved in gaps between every 

two fuel elements and is 1.16 of the average heating. The heating non-uniformity near fuel 
surface is about 6%. The maximum near the fuel element and the minimum in a subchannel 
between three fuel elements differ by about 23%. 

At highly non-uniform power generation the maximum heating in the gaps between two 
hot fuel elements corresponds to the power of the fuel element of 1.22 for K = 1.071. The 
difference in heating along the perimeter of a fuel rod being from one side in contact with the 
cold element reaches 32% of the average heating. In the absence of cross flows the effect of local 
extrema of power does not extend further adjacent fuel elements. The states shown in Figure 4 
are taken as initial for the analysis of mixing by Swirler and Run-through grids. 

The calculation results are shown in Figures 5-7. The Swirler grid mixes coolant inside a 
subchannel between three fuel elements, independently in each subchannel. Heatings in points 
on fuel surface vary, but within the existing local non-uniformity. This is true for any power 
distributions by fuel elements. The results are shown in Figures 5 and 7. For the fuel rod adjacent 
to cold tube, the result of the effect of Swirler mixing grid on flow is negative, the heating non-
uniformity along the perimeter of this fuel element increases (Figure 7). 

The flowing after a Run-through mixing grid transfers the flow from one to adjacent 
subchannel. The relaxation length of this movement is about 16 cm according to the calculations 
performed, and the flow can move by the value of one pitch between fuel elements. At uniform 
power generation there occurs mixing of coolant in the whole subchannel. As a result, the 
maximum heating along the perimeter of fuel element is decreasing and (what is important) this 
decrease remains unchanged along the length of fuel element (Figure 7). At non-uniform power 
generation, different-temperature jets penetrate adjacent subchannels and this results in 
decreasing average heating in hot subchannels and increasing heating in cold subchannels 
(Figure 6 and 7). There takes place equalizing of average heating in subchannels. However, the 
non-uniformity of heating along the perimeter of specific fuel elements can increase (due 
possible contact of cold jet with hot fuel). Another special feature of flowing after a mixing grid 
is the presence of shaded gaps between fuel elements, where no flow can reach and where 
heating does not change after passing the mixing grid. 

Thus, the efficiency of one-phase coolant mixing using a Run-through grid is much 
greater than that using a Swirler-type grid. For the whole of fuel elements as considered the onset 
of boiling is shifted by 10 % of heating after passing the mixing grid (Figure 7). The reason is of 
course in high non-uniformity of power generation. 

Taking into account a small distance of coolant movement it would be reasonable to 
direct the flow such that it takes place between subchannels with different heating. This does not 
need to be a Run-through grid, but for instance a “Star wheel” around cold tubes. 

 
4. The efficiency of steam removal from fuel surface  
 

Figure 8 shows the pattern of near-wall steam void fraction at the onset of boiling with 
the average steam quality close to zero. The calculations of boiling regimes were carried out 
after the calculation of heating, i.e. continuously, therefore boiling does not start everywhere at 
once. Boiling begins at the points of maximum heating. For uniform power generation these 
points are on fuel surface located in gaps between fuel elements. For non-uniform power 
generation these are the same points on surface of hot fuel rods, near which there are no cold 
tubes. 



Figure 9 shows the pattern of steam void fraction for developed boiling for the options of 
fuel-by-fuel power generation under consideration. The following peculiarities can be noted. At 
uniform fuel-by-fuel power generation the steam void fraction on fuel surface is two times as 
compared with the average steam void fraction over the FA and varies on surface within 10%. 
For highly non-uniform power generation the maximum steam void fraction on surface 
corresponds to the power of a particular fuel rod, and the non-uniformity of steam void fractions 
depends also on the power of adjacent fuel elements. Thus, on fuel surface faced to the cold tube, 
there is no boiling at all. 

The states presented in Figure 9 (at the top) are taken as initial states for the analysis of 
steam removal using Swirler and Run-through mixing grids. The calculation results are shown in 
Figures 9-10. The mixing of steam phase by flows produced with mixing grids differs from 
mixing of heating by a significant effect of local accelerations. In non-uniform flow the steam is 
mixed not only along the flow, but also in the direction of acceleration, at a rate of about 
0.2*(a/g) m/s. Due to small sizes and high velocities the accelerations (a ~ V*V/R) are great, and 
the direction of steam movement does not coincide with the flow produced by mixing grids. 

The Swirler mixing grid produces circulating flow in subchannels with the acceleration to 
the center of subchannels almost along the whole perimeter of fuel element. Due to a small 
curvature radius of flow lines and high accelerations the steam velocity to the center of 
subchannels is high. The steam breaks away from fuel surface and tends to the center of 
subchannels. This occurs immediately after the flow passes a mixing grid. 

At uniform power generation the near-wall steam quality decreases almost two times 
along the perimeter of the fuel element, except for the areas where rotating flow runs away from 
fuel surface (points 4, 5, 6, 13, 14, 15). Here, the steam quality reduces slightly (Figure 11). 
After removing the steam from the surface, the growth rate of steam quality increases, and the 
concentration of steam tends to the value typical of boiling without the effect of a Swirler grid. 
The steam quality restore at a different rate in different points on the surface. It goes something 
like this: the change of the average FA concentration on the length of recovery is equal to the 
value of concentration drop after passing a mixing grid. 

At highly non-uniform power generation the use of a Swirler mixing grid does not result 
in new effects, because the effect of this grid is local, independent within each subchannel of a 
rod bundle (Figure 9 and 11 on the right). This mixing grid provides the reduction of near-wall 
steam void fractions irrespective of their relative value. 

The flow produced by a Run-through mixing grid (Figure 2) is characterized by the 
values of flow curvature radius that by an order of magnitude less. Consequently, the 
accelerations are considerably less almost in the whole area. Therefore, after passing a Run-
through mixing grid the changes in the distribution of concentrations become noticeable after a 
time, when the flow has moved around (Figure 10). Two effects are evident here: steam 
movement along the flow, steam separation from the points being blown over and steam 
accumulation in shaded places, where the flow runs down from fuel surface. From the curves 
presented in Figure 12 it seen that in shaded places (points 3, 13) the steam concentration 
becomes greater than in case of boiling without the use of a Run-through mixing grid. In all 
points blown over with the flow there has been observed the reduction in near-wall steam quality 
to the average level for the whole FA. This reduction is kept for a long time due to large 
relaxation length of cross flow after the Run-through mixing grid. 

The use of a Run-through mixing grid for highly non-uniform power generation results in 
a positive effect due to subchannel mixing of subcooled liquid from cold areas (Figure 10 and 
12) and equalizing of average steam qualities over subchannels. The effect of the use of a Run-
through mixing grid in steam zone does not differ in this case from the use in single-phase 
preboiling region: there takes place the transfer of accumulated power between subchannels. The 
increase of steam void fraction for the points where the flow runs down from fuel surface is 
smoothed over here by spreading of cold coolant. 

 



5. The optimum arrangement of Swirler mixing grids in FA  
 
After the flow passes a Swirler mixing grid, steam is removed from fuel surface unevenly 

along the perimeter. In the places on fuel surface where adjacent alternate rotating flows come 
across, steam is not removed from surface and CHF margin is not increased here. There are three 
such places along the perimeter of each fuel element. Cross flows practically disappear at a 
distance of about 10 cm after the mixing grid. The rate of steam accumulation on fuel surface 
after its removal by a mixing grid is increased and the concentration on fuel elements approaches 
to boiling state without the effect of a mixing grid. 

On this basis, to provide a uniform removal of steam from the whole fuel surface and to 
increase CHF margin the option was considered with the placement of two Swirler-type mixing 
grids in series at a distance of 10-17 cm from each other with flow swirling in opposite directions 
in corresponding subchannels. 

Figure 13 shows the curves of near-wall steam void fraction for points 4 and 6 according 
to Figure 1. Each curve presents three lines: 1 – without mixing grid, 2 – with one mixing grid, 3 
– with two mixing grids. The effect of the use of two mixing grids is easily seen. There are no 
essential differences in the curves for high and low average steam void fractions. 

The maximum reduction in steam void fraction on fuel element after a Swirler-type 
double mixing grid reaches 20%. The steam void fraction on fuel element restores to the value 
before the mixing grid at a distance corresponding to the increase of average steam void fraction 
by 10%. The steam void fraction on fuel element restores to the value of boiling without a 
mixing grid at a distance corresponding to the increase of average steam quality by 20%. 
 
Conclusion 

 
1. The relaxation length of cross flows in a rod bundle after the flow passing a Run-

through mixing grid is five times of that for a Swirler-type grid.  
2. The cross flow after a Swirler grid is localized inside subchannels of a rod bundle, 

penetrates for a small distance (2 mm), but has a higher kinematic acceleration directed from fuel 
elements to the center of subchannels. This effect on flow results in the removal of steam from 
fuel element wall and its transfer to subchannel centers, and it does not practically influence on 
the distribution of heating both inside and between subchannels. 

3. The cross flow after a Run-through mixing grid transfers coolant jets to adjacent 
subchannels (or a little bit further), does not have high acceleration except for shaded zones, 
where the flow runs down from fuel surface. This effect does not lead to transfer of heating and 
steam phase to adjacent subchannels and accumulation of near-wall steam in shaded zones of 
fuel elements. 

4. Due to different nature of the effect produced by Swirler and Run-through mixing grids 
on coolant flow it is rescannable to use for different purpose: - Swirler-type grids to remove 
steam from fuel surface in the upper part of fuel assembly; Run-through grid – to equalize 
heatings in the FA area with non-uniform power generation in the mid-range part of FA. 

5. The use of two Swirler-type grids installed in series at a small distance and having 
differently directed swirling in corresponding subchannels allows one to increase the uniformity 
of steam removal from fuel surface and to increase DNB margin. 
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Figure 2 – Excited cross flows for Run-through mixing grid (two options) and Swirler grid 



 
Figure 3 – The variation of axial velocity near fuel elements as a function of distance from 
mixing grid for Swirler (at the top) and Run-through (at the bottom) grid. 

 
Figure 4 – The patterns of relative heating in the space between fuel elements for non-uniform 
(average heating 0.6) and uniform fuel-by-fuel distribution of power generation (average heating 
0.69) 



  

  
Figure 5 – Relative heating immediately after passing Swirler grid and in 0.36 m, Non-uniform 
(on the left) and uniform (on the right) distribution of power generation. 

   
Figure 6 – The patterns of relative heating in 0.36 m after passing a Run-through mixing grid for 
different directions of cross flow. 



  

  
Figure 7 – Near-wall heating along the fuel element: for several points along the perimeter of 
fuel element. On the left: uniform power generation; on the right – non-uniform. On the top: the 
effect of two Swirler grids on heating; at the bottom – the effect of two Run-through mixing 
grids 
 

  
Figure 8. Onset of boiling. On the left – non-uniform power generation; on the right – uniform 
power generation. 



  

  

  
Figure 9 – Distribution of steam void fraction; from to bottom: before Swirler-type mixing grid; 
immediately after the mixing grid and at a distance corresponding to increase of average steam 
void fraction by 6%. On the left: non-uniform distribution of power generation; on the right: 
uniform distribution of power generation. 



  

  
Figure 10 – Distribution of volumetric steam quality after Run-through mixing grid at a distance 
corresponding to increase of average steam void fraction by 1% (top) and 6% (bottom). On the 
left: non-uniform distribution of power generation; on the right: uniform distribution of power 
generation. 

  
Figure 11 – The effect of two Swirler grids on near-wall void fraction (for some points along the 
perimeter of fuel element). On the left: uniform power generation, on the right: non-uniform. 



  
Figure 12 – The effect of two Run-through mixing grids on near-wall steam void fraction. On the 
left: uniform power generation, on the right – non-uniform power generation. The points are the 
same as in Figure 11.  

  

  
Figure 13 - The variations in steam concentration on fuel surface in points 4 (on the left) and 6 
(on the right). 1 – without the use of mixing grid; 2 – with the use of one Swirler-type grid; 3 – 
two mixing grids with differently directed rotation at a distance of 12 cm from each other. At the 
top: mixing grid in the region of low void fractions; at the bottom – mixing grid in the region of 
high void fractions. 


