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ABSTRACT 
 

The results are presented of the numerical calculations for single- and two-phase coolant 
flows in the WWER-1000 core at elevated parameters. The non-uniformities of flow in the core 
caused by design features of fuel assemblies (TVS-2 or TVSA, different number of spacers, use 
of mixing grids), boiling in some fuel assemblies with increasing power under non-uniform 
power generation and non-uniform hydraulic resistance are discussed. The stability limits of flow 
in the core are estimated. The non-uniformity of power generation in fuel assemblies or their 
hydraulic resistance was demonstrated to result in disproportionate intensive boiling in some fuel 
assemblies and in reduction of the margin to CHF. The calculations were performed using the 
TURBOFLOW 2D code. It was shown that there are no important differences in the use of only 
TVS-2 or TVSA in the core. 
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The analysis was performed with the 2D TURBOFLOW code designated to perform 

calculations of multiphase unsteady-state flows [1]. The work is focused on the analysis of 
coolant flow, heating and boiling rate in FA of WWER-1000 core when being considered as a 
whole. This allows the non-uniformities to be revealed in distribution of coolant parameters, 
which are caused by flowing over from FA to a gap or from FA to FA at non-uniform thermal 
load in the reactor core. 

 
1. Computational models 
 

Two 2D computational models of the core are used, which consist of only TVSA or TVS-
2. The differences between TVSA and TVS-2, which are important for the calculation and taken 
into account, are in the number and height of spacer grids, their hydraulic resistance, the value of 
cross-section of gaps and side surface of FA. The consideration is performed in terms of 
coordinates of FA height and rows. In the plan the computational models present a sector (1/6 
part of the core) including 27 and 1/6 of the total number of assemblies. 

The characteristics of computational models are shown in Fig. 1. The dimensions of the 
models are 54×71 meshes. Each FA is presented in crosswise direction by six computational 
meshes of different size, the gaps by one mesh. Hydraulic resistance for rod bundles is described 
as for a porous body, for gaps as for an empty space. The characteristics are different as to the 
area of rod bundle, spacer grids and spacer grid rings. 

Due to the characteristics of the applied code, the problem of coolant heating and boiling 
analysis is considered as phase transitions in a three-component moving system. Phase 1 – cold 
coolant (290 °C), density - 732 kg/m3, Phase 2 – coolant in saturation line, density - 610 kg/m3, 
Phase 3 – steam, density - 92 kg/m3. Phase 1 breaks down into Phase 2 with an average rate of 
0.744 kg/(l⋅s), Phase 2 breaks down into Phase 3 (at the local condition of Phase 1 absence) with 



an average rate of 0.2208 kg/(l⋅s). The specified values correspond to power of 104% from the 
nominal power. Local rates are evaluated from average values and relative axial power 
generation and FA location in the reactor. The curves of relative intensity of thermal load are 
presented in Fig. 2. The peak power generation (1.6 in the central FA) corresponds to the time of 
the reactor operation start. 

The calculations have been performed for different levels of reactor power at nominal 
flow rate through the core. The power levels were from 104 to 150% for the purpose of finding 
out the specific features of modes involving boiling and the achievement of boiling crisis. 

 
2. Non-uniform distribution of coolant in the core space 

 
Non-uniformities in coolant distribution over the core space fully consisting of TVSA or 

TVS-2 are determined by design features of particular fuel assembly, the gap between FA and 
non-uniformity of power generation. 

Fig. 3 (above) shows the isoline patterns of mass flux – products (ρ⋅V). The isolines are 
traced with a pitch of 100 kg/(m2⋅s). This value – flow rate density through cross-section – is 
essential for the evaluation of thermal factor and convenient for graphic presentation. It can be 
seen from the figures that the mass flux in central FA is decreased along the height (with coolant 
stream) and increased in edge FA. This is caused by the fact that heating in central FA is higher, 
the coolant is expanded and the flow is forced out in edge FA. For TVS-2 the displacement of 
flow from central FA is to a little degree more than that for TVSA, because the angles in TVSA 
reduce the flow area in crosswise direction. 

The mass flux in gaps is 100 kg/ (m2⋅s) higher than in rod bundle, and in the location of 
spacer grid rings it is 200-300 kg/ (m2⋅s) higher. 

Fig. 3 shows the patterns of particle age isolines (the elapsed time from the entry to the 
core) traced with a pitch of 0.02 s. This characteristic indicates the average rate of particle travel. 
For central FA the particle age is 0.02 s less than that for edge FA. Thus, the length-average 
velocity in central FA is ~ 3% higher than for edge FA. The results for TVS-2 and TVSA do not 
differ. 

 
3. Non-uniformity of heating and steam quality 

 
The heating non-uniformity as to FA rows is determined by the given non-uniformity of 

power generation and resulting non-uniformity of mass flux. In central FA the power generation 
is more, and the mass flux is less. Therefore, the non-uniformity of heating through FA rows in 
the core is high (Fig. 3 (below)). In central FA there occurs boiling in the upper part, and in edge 
FA the heating is 32% from the maximum. The heating in gaps is less than in FA bundles and is 
75% in the central part of the core and 28% in the gaps of the peripheral part. In the gap between 
edge FA and the core support barrel there is a large flow rate and the heating is below 10% (there 
is no power generation here in the calculation). 

The results for heating do not essentially differ for TVS-2 and TVSA. 
The isolines of Phase 2 concentration presented in Fig. 3 are traced at a pith of 0.07. The 

heating can be calculated by formula: ∆I = φ2⋅(Isat - Iin) or more simply ∆T = φ2⋅(Tsat - Tin). 
With a power of 104% and non-uniform power generation there occurs boiling in the 

upper part of central fuel assemblies. For the core with TVSA the boiling takes place only in the 
central fuel assembly and the maximum steam void fraction may be as much as 2.5%. For the 
core with TVS-2 the boiling is observed in seven central fuel assemblies, the maximum steam 
void fraction is 4%. 

 
4. The effect of boiling in some FA on flow distribution and boiling crisis 

 
With increased thermal power the boiling rate in central fuel assemblies increases. Fig. 4 

(above) shows the distribution of steam void fraction for power levels 120% and 150% for TVS-



2 and the variation of mass flux in the core. The increase in steam generation results in rising 
volumetric flow rate and coolant forcing from central fuel assemblies to the core periphery. The 
reduction of mass flux in the central FA with increasing power may be as great as 600 kg/ (m2⋅s) 
at a power of 120% and 900 kg/(m2⋅s) at a power of 150%, i.e. 14.5% and 22% of the average 
value. In the peripheral row, the mass flux increases by 600 kg/ (m2⋅s) at a power of 150%. 

As a result, the boiling rate in central fuel assemblies increases even more and in the edge 
FA the heating is decreasing. The reduction of boiling onset height for central fuel assemblies is 
shown in Fig. 4: dark stripe above which the boiling takes place and the concentration of Phase 2 
is decreased. In this case, there is practically no change in heating in the peripheral row of fuel 
assembly with increasing power. 

All the above can be applied also for TVSA correct to small differences. Due to the effect 
of angles the overflow between fuel assemblies is less and this is responsible for lower values of 
steam void fraction at the same power. 

Therefore, the boiling process in the core with caseless fuel assemblies at non-uniform 
power generation has the effect on itself through beneficial feedback of flow rate through FA. 
This results in non-proportional increase in boiling rate with increasing power of the core and the 
reduction of CHF margin. 

 
5. Evaluation of thermal-hydraulic stability of WWER core 

 
The analysis is focused on the evaluation of stability boundary of thermal-hydraulic 

modes of the core, i.e. the minimum flow rate through the core as a function of the power. The 
calculation procedure was as follows. For each of three power levels (N=104%, N=130%, 
N=150% of the nominal power) a set of calculations was performed with different coolant flow 
rates through the core. These were non-stationary calculations of flow with a time interval of 
0.0007 s. In accordance with the results of each calculation, the time variation of steam void 
fraction at the outlet of central FA was graphically presented at a period of ~ 1.5 s. By means of 
variants calculations the minimum flow rate was evaluated, at which the range of steam void 
fraction pulsations was still small. The minimum flow rate as a function of the core power as 
evaluated presents a boundary of steady-state regimes of the core operation with spatial non-
uniformity of power generation accepted for the calculation. 

Fig. 5 and Fig. 6 show the calculated pulsations of steam quality at the outlet of central 
FA at different flow rates (near the minimum values) for each power level. It is seen that a small 
reduction in flow rate (by 4-5%) results in rapid growth of the range of steam void fraction 
pulsations and the minimum flow rate required for stable flow can be easily registered. The 
reduction in flow rate by 10% from the minimum value leads to strong pulsations of steam void 
fraction and periodic drying-out of boiling surface. 

The instability of flow is resulting with the achievement of the maximum steam void 
fraction in the central fuel assembly of 25-30%. The pulsation frequency is ~ 10-11 Hz; it is 
somewhat higher for the core with TVSA. 

Fig. 7 presents the calculated boundary of steady-state flow regimes in the core. It is 
applied both for the core with TVS-2 and the core with TVSA. The slope of boundary line is 
somewhat different from constant heating lines. "Margin to instability" at a power of 104% and 
nominal flow rate is 1.24. 

 
6. The effect of mixing grids on flow stability in the core 

 
The purpose of the analysis is to study flow and heating in the core that consists of fuel 

assemblies of different designs (with and without mixing grids), which can have different 
hydraulic resistance. The arrangement of the core by different fuel assemblies can be, for 
example, during piecemeal replacement of fuel assemblies in the reactor. 

The installation of mixing grids in the computational models of the core with TVSA and 
TVS-2 is shown in Fig. 8. Each fuel assembly can include different number of grids and have 



individual resistance. The hydraulic resistance of mixing grids is accepted to be constant 0.28 for 
TVS-2M (NCCP design) and 0.73 for TVSA-ALFA (plate-type grid with deflectors). In TVS-
2M there are three such grids, and in TVSA-ALFA there are two grids in the middle between 
upper spacer grids. The variants calculations have been performed for various arrangements of 
the core at nominal flow rate and two power levels of 104% and 130%. 

Fig. 9 presents the isolines of mass flux for two power levels of 104% and 130% for the 
cores consisting of the identical fuel assemblies with mixing grids in the upper part of the 
assembly. Fig. 10 shows the pulsations of steam void fraction at the outlet of the central fuel 
assembly for a power of 130% and the core arrangement entirely from TVSA with mixing grids 
or entirely from fuel assemblies without mixing grids. At a power of 104% the maximum steam 
void fraction is ~ 4.4% for the core with TVS-2M and ~2.5% for the core with TVSA-ALFA. At 
a power of 130% the steam void fraction is ~ 30% both for the core with TVS-2M and the core 
with TVSA-ALFA. 

These data are little different from the results for the core with fuel assemblies without 
mixing grids, i.e. for fuel assemblies with uniform distribution of resistance along the length. No 
significant effects resulting from the presence of mixing grids and increase of hydraulic 
resistance in the upper part of fuel assembly were revealed by the calculation. 

If the core includes fuel assemblies of different designs – with and without mixing grids, 
with a different number of spacer grids – the pattern of flow and heating in the core can depend 
on the relation of hydraulic resistances of fuel assemblies, the size of regions with identical fuel 
assemblies, and other factors. 

In the performed calculations it has been found that the heating value and the maximum 
steam void fraction in the core do not depend on the pattern of resistance distribution along the 
length of fuel assembly. This is demonstrated in Fig. 11. Here are shown the distributions of 
mass fluxes in the core consisting of different fuel assemblies, but with the similar total 
resistance in the heating section. The resistance is greater at the outlet section of FA in fuel 
assemblies with mixing grids, and at the inlet section in FA without mixing grids. The mass flux 
is therefore higher (the heating is less) at the inlet section of FA with mixing grids and at the 
outlet section of FA without mixing grids. As a result, the average heating depends only on the 
total resistance. 

If the total resistance of FA with mixing grids is higher than the resistance of adjacent FA 
without mixing grids, this results in the reduction of average mass flow rate through FA with 
mixing grids and increase in heating and steam void fraction at the outlet of FA. The effect is 
particularly profound, if FA with a higher resistance has increased heat generation, for example, 
a fresh FA after refueling. 

The reduction of average steam quality and pulsations of steam quality can be observed 
in central high-heat FA with mixing grids with increasing resistance of adjacent FA without 
mixing grids. If fuel assemblies with higher resistance represent a compact group, the flow 
reduction and heating increase in the central FA of the group depend on the group size – number 
of FA rows – and they have their maximum at a number of rows from 2 to 4. The average steam 
void fraction in the central FA can increase 1.5 times (for a power of 104%), and the range of 
steam void fraction pulsations two-fold (for a power of 130%). 
 



Conclusions 
 
1. The non-uniformities of coolant distribution through the core space caused by the 

presence of spacer grids and free side surface of FA, presence of gaps between FA and 
non-uniformity of power generation in the core are practically the same with the use of 
TVS-2 or TVSA in the core. 

2. In the core with caseless fuel assemblies under non-uniform power generation there is a 
mechanism that intensifies heating and boiling in rating fuel assemblies (positive 
feedback) and reduces therefore the heating in low strained fuel assemblies. 

3. The flow instability takes place under non-uniform power generation across core under 
coolant boiling in some FA and achievement of steam void fraction at FA outlet of ~ 
30%. The instability occurs in the form of pulsations of steam void fraction and mass 
flux. 

4. For each power level there is the minimum flow rate, at which the flow is still steady-
state. The reduction of flow rate results in pulsations of seam void fraction. The flow rate 
reduction by 10% of the minimum value leads to periodic drying-out of boiling surface. 
For a power of 104% and nominal flow the margin to "instability" is 1.24. 

5. If the core consists of identical fuel assemblies, the total hydraulic resistance of FA and 
the pattern of its distribution along the length of FA (the presence of mixing grids in the 
upper part of FA) have no effect on spatial distribution of coolant flow and heating in a 
wide range of the reactor power. 

6. The core arrangement of different FA based on operation (refueling) conditions (for 
example, TVS-2 without mixing grids and TVS-2M with mixing grids, TVSA without 
mixing grids and TVSA-ALFA with mixing grids) requires the additional rules to be 
observed. FA with a higher local power (for example, a new FA with mixing grids) 
should have lower hydraulic resistance than adjacent FA. 

7. To prevent non-uniform heating and steam void fractions in the core, it is important to 
have balance of FA hydraulic resistances in the section of heat generation. The resistance 
of other parts of fuel assembly – head, end, spacers at inlet and outlet – is of no 
importance. 
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Figure 1 – The computational model of the core consisting of TVSA (left) and TVS-2 (right). 
From top to bottom: vertical, horizontal dimensions, depth of computation meshes, hydraulic 
resistance. 

 
Figure 2 – To the left: relative power generations along the height and rows of FA accepted in 
the calculation; to the right: regions and rates of phase transitions. 



  

 

 
 
Figure 3 – From top to bottom: isolines of mass flux, coolant particle age and Phase 2 (coolant 
heating) concentration. From left to right: TVS-2, TVSA, level scale. 
 



 

 

 
Figure 4 – From top to bottom: isolines of volumetric steam concentration, mass flux, Phase 2 
(heating) concentration for TVS-2. To the left: power N=120%, scale every 3%. To the right: 
power N=150%, scale - every 5%. 



 

 

 
 

Figure 5 – The calculated pulsations of steam void fraction at the outlet of central FA for 
evaluation of boundaries of steady-state flow regimes at power levels of the core with TVS-2 of 
104%, 130% and 150% of the nominal power. 



 

 

 
 

Figure 6 - The calculated pulsations of steam void fraction at the outlet of central FA for 
evaluation of boundaries of steady-state flow regimes at power levels of the core with TVSA of 
104%, 130% and 150% of the nominal power. 

 
 
 
 



 
 
Figure 7 – The boundary of steady-state regimes of core operation (without pulsations of steam 
void fraction at FA outlet). Dotted line: constant heating lines. 
 

 
 

   
 
Figure 8 – The computational region of the core with TVS-2 (above) and TVSA (below) with 
mixing grids. 



 

 
Figure 9 – Mass flux isolines. Above: TVS-2M with mixing grid. Below: TVSA-ALFA with 
mixing grid. To the left: power of 104%; to the right: 130% of the nominal power. 

 

  
Figure 10 – Steam void fraction pulsations at the outlet of central FA. Power of 130%.  
Core with TVSA with and without mixing grids in all fuel assemblies. 

 



 
 
Figure 11 – Mass flux isolines. To the left: two rows of FA with mixing grids, other rows of 
TVSA without mixing grids; spacer grids every 255 mm. To the right: two rows of TVS-2 with 
mixing grids, other rows of TVS-2 without mixing grids, spacer grids every 340 mm. 
 


