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ABSTRACT 
 

In this paper the results of KARATE-440 calculations on Novovoronezh NPP Recriticality 
Experiment are presented, the corresponding parameters are analyzed. The simulation of 
the processes and the comparison of the results with the measurements are of particular 
interest as these efforts make our code to be validated in a higher level. Even if only some 
well defined states of the transient were simulated, satisfactory agreement was found 
between measured and calculated data. The results present evidence that the KARATE-440 
code package can adequately model the reactor states in a wide range of performance 
parameters and the special core type referred in the experiment so it is acceptable for 
neutronic analysis of all the VVER-440 NPP`s  
 
 

1. INTRODUCTION 
 
There is a general consensus on the fact that the validation and qualification of reactor 
physics codes are important to nuclear safety and to fuel management. Though the 
KARATE-440 code system has been faced with different kind of test-exercises 
(mathematical tests, zero reactor experiments and nuclear power plant operational data) 
further benchmarking processes are worth-while from the following reason. The well-
prepared experimental benchmarks are suitable to point out systematic errors of the 
investigated code, but these benchmarks are rarely able to outline the statistical behaviour 
of the model. On the contrary measured performance parameters come into being 
continuously during operation of NPP. These parameters are two- or three dimensional 
power distribution data, reactivity coefficients, boric acid concentrations at different states 
of the core, etc. Obviously comparisons of calculations with these data have better statistics 
than the well chosen benchmarks simply because of the larger number of data. The 
disadvantageous side of these measurements is that they are not directly planned to decide 
the goodness of the code. However the huge amount of data make possible to aware of 
tendencies and trends in the differences of calculated and measured results. After the 
investigation of tendencies and trends, conclusions could be drawn concerning the long 
term behaviour of a parameter or the correctness of a given measurement [1-2]. Now, a 
new-old exercise is given for the above mentioned usage of comparison: “simulation of the 
recriticality experiment”. 
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Different events leading to reactivity insertion accidents in VVER-440s have been 
investigated and studied to assess the potential risk of power burst and fuel damage. The 
Main-Steam-Line-Break (MSLB) accident is one of them, as it could occur that the steam 
line break in non-isolatable part of steam line. In that case the total loss of water in affected 
steam generator occurs and pressure in this steam generator decreases to low value. This 
leads to enhancement of heat transfer from primary circuit to the affected steam generator 
and, consequently, to the overcooling of primary circuit. At large primary overcooling the 
core re-criticality becomes possible.  
 
As a general rule the regulation of some 440 NPPs does not permit recriticality occurrences, 
it is necessary to reconsider again these scenarios in cases of introducing new fuel types 
(higher enrichment, profiled assembly with Gd burnable absorber) or new type of cycles 
(increased nominal core power). A key figure of this transient is the isothermal re-criticality 
temperature which is the reactor coolant temperature when all but one control and safety 
assemblies are in the core, but the reactor is kept critical due to the large reactivity insertion 
of the cooling. 
 
The GLOBUSKA and GLOBUS36 modules which calculate the core parameter in the 
frame of KARATE-440 code package comprise thermohydraulic model for the coolant in 
the assemblies of the core but the primary circuit is modelled up to the heat exchanger [4]. 
Model for automatic control system is not included as it can not be part of a stationary code 
system. In such a way our simulation covers the core parameters only. First the cycle and 
the end of cycle condition are investigated then the steady states chosen from the 
measurement. As the experiment is rather old and its description does not detail the sources 
and value of the errors of measurements [the contribution of] the uncertainties of the 
measurement to the Keff can not be evaluated. Even if an experiment the xenon distribution 
must not be frozen according to the full power state as it is done for the evaluation of the 
recriticality frame parameter, the simulation of the plant data and the comparison of our 
results with the measurements are of particular interest as these efforts make the models 
used in our codes to be validated more precise.  
 
The measurements are simulated as a xenon transient and a core cooling process where the 
measured data of critical states are known. Good agreement was found among measured 
and calculated data. 
 
This paper is organized as follows: Section 2 details standard procedure of the evaluation of 
the recriticality temperature and some former figures, while Section 3 describes the 
circumstances of experiments, Section 4 introduces the simulation of the measurement, 
Section 5 concludes the paper.  
 
 

2. CALCULATION OF THE RECRITICALITY TEMPERATURE 
FRAME PARAMETER 

 
The recriticality temperature is determined on the basis of the results of two kinds of best 
estimate calculations [9]. First, the end of state (EOC) of the cycle is searched. It is the burnup 
level when the control rods are in the nominal position - or the lower permitted position 
H=125 cm- and the critical boric acid is 0.0 g/kg.  
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Second, using the above calculated burnup distribution, the conservative scram is determined 
and critical state is searched by changing the inlet temperature, meanwhile the following 
parameters are fixed: 

• burnup state with its boric acid (CB ≈ 0.0 g/kg),  
• xenon concentration frozen at its nominal power value, 
• power level is 0.01 %,  
• 36 control assemblies are in the core, i.e. H1,..6 = 0.0 cm. 

 
The conservative scram means, that during the shut down procedure not the all, 37 control 
assemblies (CA) enter the core, but one assembly from the strongest group is stuck in its upper 
position.  
 
Some examples from the calculations for cycles fuelled by different types of assemblies and 
burnt at different nominal power level are summarized in Table 1. 
 
1. Table Recriticality temperature calculated by KARATE for different core loadings 

Characteristics of cycle group of 
stuck CA 

Recriticality 
temperature [C] 

Traditional cycle (1375 MW) EOC 4 144.5 
Transient cycle    (1375 MW) EOC 4 163.5 
Equilibrium cycle(1485 MW) EOC 4 166.0 
Transient cycle    (1485 MW) EOC loaded by 
new, profiled fuel with Gd absorbers 

3 199.0 

Equilibrium cycle(1485 MW) EOC loaded by 
new, profiled fuel with Gd absorbers 

4 196.0 

 
The calculation of the uncertainty of KARATE for that case in a conservative manner is 
summarized in Appendix. Its value is about 24 C, so the maximum value of the recriticality 
temperature for the latest core loaded by profiled fuel with Gd absorbers is not higher than 
225 C. It is worthy of note, that earlier this limit value was 210 C [8].  
 
 

3. DESCRIPTION OF THE MEASUREMENT OF THE 
RECRITICALITY TEMPERATURE 

 
In case of VVER-440 reactor the re-criticality temperature is determined as a coolant 
temperature when the scrammed reactor is just critical at a minimal power meanwhile the 
pumps are working so the core coolant flow is nominal. That is why much better to speak 
about isothermal re-criticality temperature (IRT). As conservatism, it is supposed that the 
scram is not perfect and one -the most effective- safety assembly is stuck at its upper 
position.  
 
Both of the publicly available VVER-440 recriticality experiments belong to the Novovoronezh 
Unit 4 [5-6] and performed more then 10 years ago. Even it is not a typical VVER-440 core as 73 
instead of the usual 37 CAs can be found in it; its overall description is well known [7]. The 
advantage of this structure, that the set of the CAs can be divided into two groups and the 
extra 36 CAs can be used for safety reason during the measurements. The drawback of the 
large number of control elements is that the geometrical arrangement of the CAs is not fully 
in accordance with the standard one characterizing the VVER-440 core. So the direct 
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results of the measurement are not acceptable to the VVER-440 reactor, but the 
experimental result itself can be simulated by the appropriate code system and such a way 
the description of the CA and the feedback parameters are tested.  
 
For the power control the same seven CAs are used, as in case of standard VVER-440 core. 
It is the 12th group in the Novovoronezh unit, and the 6th group for the standard unit, 
generally it is referred as the working group (WG). The numbering of the fuel assemblies, 
the safety and control assembly positions can be seen in Figure 1. Gray hexagons with 
number 1-11 show the arrangement of the CAs in the Novovoronezh Unit, meanwhile 
group-number 1-5 and letter “P” the standard positions of CAs. It is important to underline 
that the distribution of the CA is different but their two level structure is the same and given 
in the specification. It is worth to mention that CAs and SAs are shorter by 10 cm as the 
normal assemblies.  
 

 
Figure 1. Typical arrangement of CAs in Novovoronezh NPP. The 73 grey hexagons 
comprise the assemblies of working group (WG) and the safety assemblies (SA) numbered 
1-11. Just for easy orientation the control assemblies of the standard VVER-440 are shown, 
too. These are the hatched hexagon, where the P1,..,P5 show the numbering of the safety 
groups. The working group is the same in both cases. 
 
 
The scenario of the measurement 
 
The IRT (Isotherm Recriticality Temperature) was measured in the 15th cycle loaded with 
2.4 and 3.6 % enriched fuels [5] and the 25th cycle loaded with profiled 3.82 % fuels [6]. 
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Recently different plant measurements for Russian type PWR’s were collected for 
verification and validation purposes for coupled system codes and for criticality 
calculations in the frame of different EU projects. Luckily from these data the necessary 
reactor physical input of the first experiment could have been reconstructed [7]. 
 
The fuel loading and operational data: inlet temperature and flow-rate of the coolant, the 
position of CAs and power (with the correspondent critical boron) as a function of time 
were given in the specifications for that cycle [7]. 

 
Figure 2. The marking of CAs is the same as in Figure 1. But the original stuck CA is 
signed by black color and those CA witch are used in the experiment are signed by white 
square excluding the working group. 
 
The experiment started at the end of 15th cycle, which lasted 296 full power days and 
appropriate information of the cycle was available. The cycle was finished when the 
working group was pulled out and the critical boron concentration was about 0.6 g/kg. A 
small stretch-out was used at the end of cycle, as the measurement was stared the core 
power was 75% of nominal one (another figure was 962.5MWth in the paper). Further core 
data was supposed to be nominal one (primary pressure is 12.3 MPa, inlet coolant 
temperature: 266 oC, all the six pumps are working). From that state the xenon transient 
was followed and the unit was cooled down meanwhile 36 from the all 37 CAs were 
inserted into the core. 
 
There are several possibilities to choose 5 from the 11 CA groups. In figure 2 the CAs used 
in the measurement is signed by grey colure with white square, the stuck is dark and for 
comparison the distribution of the common VVER groups are signed, too. 
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At the beginning the position of the working group is 190 cm. During the first time period 
(about 55 h), the reactor was kept critical by the working group (see figure 3). The main 
steps of the measurement sequence are the following: 

• Power reduction from 75 % of the nominal value (about 2 h): it was done by 
insertion of working group from 190 to 55 cm. During this period the coolant inlet 
temperature was decreased till 260 C.  

• Core de-poisoning: Due to the power drop Xe transient was developed. First it was 
controlled by the working group, than (~19 h) it was partly pull out and kept in an 
effective regime (H=175 cm) and than the safety groups were inserted group by 
group. In Figure 3 the characteristic data can be read. The information gained from 
the experiment description [7].  

• Decreasing of the core inlet temperature: The reduction of the inlet temperature of 
the coolant started at the 46 h of the transient, when steam was extracted from steam 
generators. Later on some further maneuver had to be applied to avoid the 
overcooling in the primary. At the end of the xenon transient a 2 h break was 
inserted in the procedure, to prove that the reactor really reached a stable state. This 
time period was used to make the secondary side ready for the slow rate of cooling 
(about 10 C/h). It was helped the operator for keeping the criticality. The 
temperature was 141 C when the WG was fully inserted and 121 C degree when the 
originally “stuck” assembly reached the final measured position (158 cm). This final 
stage of the experiment was reported to be kept for about 30 minutes. 
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3. Figure: The sequence of the control group’s motion & coolant temperature during the 
experiment   
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Appropriate actions were applied for the cooling in the secondary side to adjust the slow, 
gradual cooling.  
 

4. THE SIMULATION OF THE MEASUREMENT 
 
The appropriate input data for the simulation was published recently [7] but the original 
purpose of this material is different and it is focused on the cycles, itself. That is why some 
additional information necessary for the calculations was supposed on the basis of our 
similar practice, such as the inlet temperature and the coolant flow rate (being nominal).  
 
In the first step, the calculations were carried out by the GLOBUSKA code using of 40 
equidistant axial layers and 60 degree symmetry. The description of the fuel types and the 
inlet coolant temperature were used from the input specification. The further burnup 
dependent steady state parameters were given by KARATE-440. Concerning the 
thermohydraulic input only the inlet temperatures were used from the measurement.  
 
There was a problem to carry out the calculations because the operational history is given 
for 15-18 cycles, but the spatial burnup distribution at the start of the transient was not 
attached to the benchmark specification. However the assembly averaged burnup and the 
power distribution were given for the starting load of the 15th cycle. There was no axial 
burnup distribution for the assemblies used earlier. On the other hand as in our practice 
well-known types of assemblies were used there was not necessary to give their detailed 
specification. Initial axial distribution was guessed from our earlier calculation practice. 
 
The burnup distribution calculated in this way in a given state is not fully consistent as an 
input. A burnup calculation tends to compensate for deviations in flux and power 
distributions, e.g. if power is over predicted in certain location the burnup will be higher 
and thus the reactivity is lower in a later time. Therefore consistent burnup distribution for 
different calculation systems can be obtained by simulation of several cycles with the same 
nodal method and cross sections that will be used in the transient simulation. Thus it would 
be preferred to create burnup distribution by simulation of cycles instead of using a single 
burnup distribution.  
In this case it was possible, making series of iterations, to construct such „past” of the core, 
that the calculated burnup and power peaking coefficients for BOC and EOC, also critical 
boron concentrations as function of time for the cycle were very close to that was given in 
the report describing the measurements.  
 
This artificial 14th cycle as a „past” was accepted as start of the complete calculational 
series. The radial burnup and power distributions at beginning and end of cycle fit well for 
the given data (Figure 4, 5 and 9, 10).  
The results of our simulation of the 15th cycle were compared to data given in the 
references. The critical boron concentration, two and three dimensional power peaking data 
were given also in the benchmark specification for comparison [7]. For the boron letdown 
curve (see figure 6) and power peaking factor vs. burnup (see figure 7 and 8) the 
agreements are good. 
As the measurement itself is asymmetric one, the cycle calculation was repeated and 
continued by the full core solver of KARATE-440 (GLOBUS36).  
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Figure 4. Radial burnup distribution at the beginning of the cycle 15 in Novovoronezh Unit 
4. 1st row: assembly specification, 2nd row: calculated burnup, 3rd row: burnup from the 
specification. 

 
Figure 5. Radial power distribution at the beginning of the cycle 15 in Novovoronezh Unit 
4. 1st row: assembly specification, 2nd row: calculated power, 3rd row: power from the 
specification. 
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Boron Concentration of the 15th Cycle of Unit 
IV. of  Novovoronezh NPP
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Figure 6. The calculated and the given (from the specification) boron concentration during 

the cycle 15 in Novovoronezh Unit 4. 
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Figure 7. The calculated and the given (from the specification) relative power maximum 
during the cycle 15 in Novovoronezh Unit 4. 
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Relative 3D Pow. Max. in the 15th Cycle of 
Unit IV. of  Novovoronezh NPP
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Figure 8. The calculated and the given (from the specification) relative 3D power maximum 
during the cycle 15 in Novovoronezh Unit 4. 

 
Figure 9. Radial burnup distribution at the end of the cycle 15 in Novovoronezh Unit 4.  
1st row: assembly specification, 2nd row: calculated burnup, 3rd row: burnup from the 
specification. 
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Figure 10. Radial power distribution at the end of the cycle 15 in Novovoronezh Unit 4 
1st row: assembly specification, 2nd row: calculated power, 3rd row: power from the 
specification. 
 
In the description of the experiment, the end of cycle and the data connecting strictly to the 
beginning state of the measurement are not distinguished clearly. 
  
According to the description the transient was started at EOC state, when the critical boron 
concentration was 0.06 g/kg. There is a good agreement to our result which is 0.125 g/kg 
boric acid at full power without working group. 
 
Some stretch out could be planned before the experiment as it was started at 75% of 
nominal power (in the same description at 962.5 MWth), when the position of the working 
group was HWG = 190 cm. For that state GLOBUS36 gave 0.225 g/kg critical boron acid 
concentration. 
 
It was supposed that in a power plant the position of the moving control assemblies are 
difficult to measure with a high precision, so for simulation those steady states were 
chosen, where the control elements were in their extreme positions (H=0 or 250 cm). 
So criticalities were simulated in the states presented in Table 2. The calculated keff and 
their deviation from the critical value can be seen in Table 3.  
One can see that the agreement is surprisingly good.  
 
For the final state the KARATE gives the following reactivity coefficients: 
.     ∂ρ/∂H  ≈   -5 pcm/cm     (at H = 158 cm), 
     ∂ρ/∂Tin  ≈   -28 pcm/C    (at T = 130  C). 
 
Assuming a 2 cm uncertainty in control rod position and 1 C in the inlet temperature the 
error of the last calculation can be conservatively increased to 0.26 % on the basis of Table 
3. It means that the difference between the measurement and calculated temperature is not 
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more than 10 C, so our 25 C degree uncertainty for recriticality temperature seems to be too 
conservative on the basis of this single experiment. 
It is worth to mention that in case of this core the unused control assemblies gave 10.7 % 
reserve reactivity for scram. 
 
 

2. TABLE:  Main parameters of the steady states chosen from the experiment 
Time 
[h] 

XII. 
group 
[cm] 

I. 
group 
[cm] 

VII. 
group 
[cm] 

IX. 
group 
[cm] 

X. 
group 
[cm] 

XI. 
group 
[cm] 

Stuck CA 
(gr. XI.) 
[cm] 

Core Inlet 
Temperatu
re [C] 

0 190 250 250 250 250 250 250 266 
2 49 250 250 250 250 250 250 263 
6 100 250 250 250 250 250 250 261 
8 117 250 250 250 250 250 250 260 
11 100 250 250 250 250 250 250 260 
15 50 250 250 250 250 250 250 260 
20 175 0 250 250 250 250 250 260 
28 175 0 0 250 250 250 250 260 
41 175 0 0 0 250 250 250 260 
45 175 0 0 0 215 250 250 260 
51 175 0 0 0 0 250 250 175 
55 0 0 0 0 0 0 250 141 
58 0 0 0 0 0 0 158 120 

 
3. TABLE:  Criticality calculated by KARATE for the steady state chosen from the 
experiment 

Time [h] Keff [-] ∆Keff=(1.-Keff)*100 
[%] 

0 1.00003 -0. 003 
2 1.00278 -0.278 
6 0.99829 +0.171 
8 0.99741 +0.259 
11 0.99714 +0.286 
15 0.99718 +0.282 
20 0.99752 +0.248 
28 0.99638 +0.362 
41 0.99783 +0.217 
45 0.99621 +0.379 
51 1.002091 -0.209 
55 1.001884 -0.188 
58 0.997933 +0.207 
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5. CONCLUSION 
 
The recriticality temperature was measured on two different cores of Novovoronezh NPP 
Unit 4. For the first one, input data was gained out from a not too late publication. The 
experiment was able to simulate on the basis of this data and relatively good results were 
gained.  
Even the design of the unit, where this experiment was performed differs from the standard 
V213 model and the fuel used in the core loading makes the experiment obsolete, the 
information can be used very effectively to validate the code system. 
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APPENDIX 

 
The calculation of the uncertainty of KARATE is based on the following conservative 
arguments [9]. The investigated case is the EOC, where the boron concentration is low 
(Cbor=0. g/kg), therefore the absolute value of the moderator temperature reactivity 
coefficient is relatively high. It was supposed that:  
     KpcmT 35mod −≈∂∂ρ   

     KpcmTfuel 5.3−≈∂∂ρ  

The SCRAM reactivity is a conservative value suggested in the KARATE calculations: 
      ∆ρ=5.1%  
The uncertainty of the moderator temperature reactivity coefficient:  5.4 pcm/K.  
The uncertainty of the fuel temperature reactivity coefficient:   1. 0 pcm/K  
The uncertainty of the scram reactivity:       0.51% 
 
As the beginning of the transient is a full power end of cycle state, the fuel temperature is 
supposed to be ~550 oC and the moderator temperature was supposed to be ~285 oC. 
During the supposed event the shut down process was started and later on cold water 
entered into the core: 

   )T-0.0(|
T

| + )T-(285.0|
T

=| c
fuel

cSCRAM 55
mod ∂

∂
∂

∂∆ ρρρ  

Using some mathematical transformation, the recriticality temperature is about 175 C, 
as: 

    

|
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|
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Now, it is easy to find out the uncertainty of the recriticality temperature which 
consists of three components:  
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Substitute the above mentioned value: 
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