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1   INTRODUCTION 
 

The International Project “Severe Transient Analysis for RBMK Reactors”  
(R 2.30/94) completed in 1997, continued the earlier project called “Review of the Safety of 
Design Solutions and Operation of NPPs with RBMK Reactors”. 

The key purpose of Project R 2.30/94 was to assess the adequacy of the computational 
codes used in the analysis of the following reference severe accidents: 

- reactivity-induced accident (RIA) resulting from CPS rod withdrawal -Task 1; 
- flow blockage in distribution group header (DGH) - Task 2; 
- ultimate design-basis accident (pressure header rupture) - Task 3; 
- anticipated transient without scram (ATWS) (loss of feedwater) - Task 4. 
The project sought also to verify the general safety concept of the RBMK plants using 

Smolensk 3 (third generation) as a reference plant. 
Each accident was analysed by a dedicated team of Western and Eastern experts. Task 1 

was tackled by experts from Commissariat de l’Energie Atomique (CEA, Saclay laboratory, 
France) and RDIPE. The work on Task 2 was performed by CEA (Grenoble laboratory) and 
RDIPE staff, on Task 3 - by the UK (AEA Technology, Winfrith laboratory) and RDIPE 
specialists. Task 4 team consisted of German (GRS, Garshing) and RDIPE specialists. 
Besides, specialists from Finland (STUK and VTT) and Italy (ENEA) took part in the 
accident analysis at the Western end. General management on the project was provided by the 
principal contractor - AEA Technology Plc and RDIPE manager. 

QA programmes and plans were developed for the project and for each of the codes used 
for the analysis. 

The present paper has been prepared on the basis of Technical Reports [1,2,3,4,5] issued 
in the framework of the project. 

In the above reports, transient analysis results were compared in terms of the general 
course of accident progression and the detailed behaviour of critical parameters. Individual 
modules and models used in the codes, were also compared. 

The input deck for accident analysis, such as system configurations at the reference plant, 
operational and design-basis parameters of the plant, algorithm of hardware operation, etc. 
were prepared by the Eastern side. 

In addition, considering that the chosen accidents were analysed with respect to a specific 
plant (Smolensk 3), the calculation results were checked against acceptance criteria used in 
the safety analysis of RBMK reactors.  

The following key acceptance criteria were chosen to judge the integrity of the physical 
barriers provided to prevent potential release of radioactive fission products:  

- maximum fuel enthalpy should be less than 712 kJ/kg; 
- maximum fuel temperature should not exceed the melting point of uranium dioxide 

(UO2); 
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- maximum cladding temperature should not exceed 700 оC; 
- the FA cooling function should be maintained (i.e. maximum cladding temperature 

should not exceed 1200 оC and cladding oxidation should not go beyond 18% of the 
wall thickness); 

- under nominal pressure, pressure tube temperature in any wall section should not 
exceed 650 оC. 

Other components of the reactor coolant circuit can withstand high dynamic loads at 
temperatures close to coolant saturation point and lower. 

The proof that the circulation circuit will keep its integrity rests upon the maximum 
pressures survived by circuit components in hydrostatic testing. Pressure tube pipelines are 
subjected to hydrostatic testing at 13.4 MPa. Pipelines between MCP check valve and 
pressure header are designed to survive, and hence are tested at, 12.8 MPa. The remaining 
part of the coolant circuit is designed to withstand, and is tested at 10.1 MPa. These maximum 
pressures are used as acceptance criteria in accident analysis since the ratio of the yield stress 
at test temperature to that at operating temperatures does not exceed the permissible value of 
1.4.  

It should be borne in mind that the value of 712 kJ/kg was obtained experimentally for a 
short-term power surge. Therefore, the value of maximum fuel enthalpy that can be 
considered to be safe in case of relatively slow transients in hypothetical severe accidents, 
may be higher in fact. 
 
 
2 ACCIDENTS CONSIDERED IN THE ANALYSIS 
 
2.1 Spontaneous withdrawal of a CPS rod from the core 

 
2.1.1 Statement of the problem and analysis methodology 

 
The purpose of accident analysis for the case of spontaneous withdrawal of a CPS rod, 

was to assess the tools used for core neutronics calculations. 
     The analysis was performed for the Smolensk-3 core with a 9-zone LAC-LEP system. In 
this system, some of the CPS rods are not seen by the local emergency protection system 
operating on high power signals. In other RBMK plants, which are equipped with 12-zone 
LAC-LEP systems, this may happen only in a beyond design-basis event involving the failure 
of this protection system. 
     Accident methodology (approach) consisted in a step-by-step performance of specific 
neutronic and thermal hydraulic tests followed by the computational analysis of the chosen 
accident using a coupled neutronic and thermal hydraulic code. Neutron calculations were 
performed with  SADCO (RDIPE), DINA (RDIPE), CRONOS (France) and 
QUABOX/CUBOX(Q/C) (Germany). Thermal hydraulic computations were made with 
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FLICA (France) and GIDRA (RDIPE). 
 
 2.1.2 Calculation results 

 
       Neutronic tests. In neutronic analysis, the focus was first of all on the review of the 
cross-section libraries and their adaptation for the CRONOS Code. For this, calculations were 
made on a simplified kinetic test involving CPS rod withdrawal, and various core 
configurations were analyzed. 
      The next step consisted in the verification of the codes  and libraries in the tests  involving  
several fuel assemblies. The first test with  the prescribed cross-sections  was performed  with 
DINA, CRONOS,  SADCO  and  MCU codes.  The results obtained  with  these  codes  were 
found to be in good agreement. The performances of SADCO and CRONOS codes were very 
close, with Keff differing by less than 55 рсm (55·10-5). 
      The second set of  tests was run with  the libraries used in core calculations.  Polycell was 
loaded with various components  and  parameter values.  These tests served  to size  Doppler, 
xenon and control rod effects.  The adapted  cross-sections were validated in  the benchmarks 
performed for 20 configurations,  which  allowed  using  the same neutronic  data base  in all 
codes. M aximum discrepancy between SADCO and CRONOS results was no more than 570 
рсm (570·10-5). 
      A simplified dynamic test for an RBMK core fragment involving CPS rod withdrawal was 
calculated using CRONOS, SADCO, Q/C  and DINA codes. The former three gave similar 
results while the results of DINA calculations were essentially different. The causes of the 
differences were found out only after the completion of the work on Project R 2.30/94. The 
methodological studies carried out for DINA, showed strong dependence of peak power 
surges on even small variations in the initial criticality. Calculation results for this dynamic 
test obtained with DINA (RDIPE), CRONOS (CEA) and KORAT-3D (VNIIEF) codes using 
three different values of initial Keff (0.999343; 1.0; 1.000658) demonstrated high sensitivity 
of the power surges to small variations in initial criticality, which was not obvious previously 
(See Fig. 1). 
      The calculations were performed under the leadership of L. Podlasov (DINA), R. Lenain 
(CRONOS) and R. Shagaliev (KORAT-3D). In DINA calculations carried out in the 
framework of the TACIS project, the initial state was defined with the accuracy of no more 
than 10-4 , which was the cause of the above discrepancy. The revealed high sensitivity of 
peak power surges to small variations in initial criticality, enhances the verification efficiency 
of the test under discussion. 
      The simulation of Smolensk 3 CPS, added to CRONOS, was verified in a simplified test 
based on the core loading map with homogeneous parameters and uniform axial burnup 
profile. For a static configuration, comparison of SADCO and CRONOS calculations 
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demonstrated that the shapes of axial power distribution, obtained with these codes, agree 
within 2%, and the shapes of radial power distribution agree within 5%.  
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                              - DINA ,         - KORAT-3D,        - CRONOS,                - approximation 
                
                           Fig. 1  Maximum power surge versus initial reactivity 

 
      Thermal hydraulic tests. In thermal hydraulics area, the focus was on the simulation of 

the thermal hydraulic behaviour of the RBMK fuel channels using the FLICA code. One of 

the purposes was to introduce RBMK-specific correlations in FLICA. It should be mentioned 

that FLICA uses a two-phase model with mass-, momentum- and energy-conservation 

equations and a single-phase equation to describe the steam-water mixture, while GIDRA 

treats coolant as a steady-state 1-D homogeneous flow whose rate is calculated by solving 

integral momentum equation written for the whole pipeline. In GIDRA, pressure distribution 

is calculated using the dependencies for hydraulic difference in each calculated section while 

the enthalpy at section outlets is estimated by solving energy equation. 

      The CRONOS code was used to perform some thermal hydraulic calculations to assess 

flow stability in fuel channels in case of a potential power surge caused by CPS rod 

withdrawal. In this problem, CRONOS was used to simulate the circulation circuit pipeline 

running from DGH to steam drum separator and including 5 groups of fuel channels ranging 

in power from 1 MW to 2.9 MW and with appropriate flow rates. 

Maximum power values (with linear increase) and FC flow rates at which instability 

conditions appear, are shown in Table 1. 
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Table 1. Maximum FC power before flow rate instability 
 
 
Channel 
      № 

Time to instability 
            (s) 

    Power 
     τ = 0 

Power limit 
of instability 

Power ratio 

       (MW)       (MW)  
1 20.2 2.9 5.66 1.95 
3 18.45 1.89 4.42 2.34 
5 8.65 0.99 2.43 2.46 

    
In the calculations performed outside of the TACIS project using RELAP5/Mod3.1 code, 

it was found out that in a channel with the initial power 2.7 MW, thermal hydraulic instability 
appeared at FC power of 6.6 MW. Similar calculations performed for a similar channel with 
the ATHLET code, showed that instability appeared at the FC power of 5.8 MW, i.e. the 
instability power levels calculated by the two codes were approximately of the same order of 
magnitude. 

It appears that this problem requires a separate in-depth study, though the current findings 
suggest that the power surges arising during spontaneous withdrawal of a CPS rod, are well 
below the power levels at which instability may occur. 

 
Calculations on CPS rod withdrawal conditions. On harmonizing the methodology and 

considering satisfactory agreement of the benchmark findings mentioned above, the CPS rod 
withdrawal accident was calculated for the real state of Smolensk 3 core as of 16.10.96 using 
the logic of the 9-zone LAC-LEP system. 

The rod in  cell 26-31, which had been found to have maximum reactivity (85·10-2 

according to SADCO code or 87·10-2 according to CRONOS) under specific conditions of 
the core loading and the depth of rod insertion (650 cm), was chosen as a spontaneously 
withdrawing rod at a rate of 0.4 m/s. Rod efficiency was calculated using the calculation 
scheme for a completely withdrawn rod and disregarding the feedback and CPS operation. 
Besides, the above control rod was chosen among the rods practically not seen by the in-core 
sensors of the 9-zone LEP system. 

Initial core configuration was defined based on SADCO calculations. Initial distributions 
of fuel and graphite temperatures, coolant density and xenon concentration were calculated 
with SADCO and were used in the cell-by-cell calculations with CRONOS. 

The power values before the transient, calculated by SADCO and CRONOS for the FC 
area nearest to the withdrawing rod, agreed within – 5% to 2%. Keff values were practically 

the same (60·10-5 discrepancy with a 600·10-5 deviation from criticality). 
It was assumed that in normal operating conditions, all in-core sensors had average power 

setpoint (10%) in the 5 to 15% range of individually calibrated power setpoints. 
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Spontaneous withdrawal of a CPS rod from cell 26-31 led to the increase of reactor 

reactivity and local power tilts in adjacent fuel assemblies, which was accounted for by the 
response of CPS rods in the LEP system. Despite some differences in the beginning of LEP 
rod movement and in the sequence of their initiation, the FC power (5х7 cells zone) around 
the withdrawing rod, calculated with SADCO and CRONOS, was found to differ 
insignificantly (See Table 2-4), and the new power level settled by ~30th second. 
 
 
         Table  2 .   Comparison of FC power near the withdrawing CPS rod by the time  

                point τ  - 8 s, as calculated by SADCO and  CRONOS  
                            1) SADCO (MW) 
                            2) CRONOS (MW) 
                            3)δ = 100 (CRONOS-SADCO)/ SADCO %     

                                 
Coordinate 26 27 30 31 32 33 
X       
Y       
31      1 2.71 2.89 3.19 2.72 2.76 2.13 
          2 2.74 2.92 3.20 2.69 2.77 2.12 
          3 1.1 1.0 0.3 -1.1 0.4 -0.5 
30 3.23 0 2.95 2.66 2.73 0 
 3.19  2.89 2.65 2.68  
 -1.2  -2.0 -0.4 -1.8  
27 2.47 2.33 2.95 3.02 2.52 1.84 
 2.49 2.32 2.90 2.97 2.48 1.81 
 0.8 -0.4 -1.7 -1.7 -1.6 -1.6 
26 1.94 0 2.45  1.62 0 
 1.94  2.43  1.60  
 0  -0.8  -1.2  
25 1.93 2.25 2.53 2.06 1.98 2.09 
 1.09 2.19 2.44 1.98 1.90 2.04 
 -0.5 -2.7 -3.6 -3.9 -4.0 -2.4 
24 2.09 0 2.73 1.79 1.75 0 
 2.02  2.58 1.74 1.67  
 -3.3  -5.5 -2.8 -4.6  
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          Table  3 .   Comparison of FC power near the withdrawing CPS rod by the time  
                  τ  - 17.2 s, as calculated by SADCO and  CRONOS  
                             1) SADCO (MW) 
                             2) CRONOS (MW) 
                             3) δ = 100 (CRONOS-SADCO)/ SADCO %      

  
Coordinate 26 27 30 31 32 33 
X       
Y       
31      1 2.88 3.13 3.50 3.02 3.06 2.34 
          2 2.91 3.16 3.52 2.98 3.07 2.32 
          3 1.0 1.0 0.6 -1.3 034 -0.9 
30 3.47 0 3.33 3.05 3.10 0 
 3.41  3.26 3.03 3.05  
 -172  -2.1 -0.7 -1.6  
27 2.68 2.61 3.45 3.71 2.98 2.09 
 2.65 2.56 3.38 3.60 2.94 2.04 
 -1.1 -1.9 -2.0 -3.0 -1.3 -2.4 
26 2.11 0 3.02  2.04 0 
 2.03  2.90  1.97  
 -3.8  -4.0  -3.4  
25 2.08 2.49 2.93 2.53 2.33 2.36 
 1.95 2.28 2.72 2.34 2.20 2.26 
 -6.3 -8.4 -7.2 -7.5 -5.6 -4.2 
24 2.21 0 2.97 1.98 1.94 0 
 1.98  2.63 1.83 1.78  
 -10.4  -11.4 -7.6 -8.2  

          
           Table  4 .  Comparison of FC power near the withdrawing CPS rod by the time  
                  τ  - 30 s, as calculated by SADCO and  CRONOS  
                        1) SADCO (MW) 
                             2) CRONOS (MW) 
                        3) δ = 100  (CRONOS-SADCO)/ SADCO %     
  

Coordinate 26 27 30 31 32 33 
X       
Y       
31      1 2.80 3.03 3.38 2.91 2.95 2.26 
          2 2.90 3.15 3.52 2.98 3.07 2.32 
          3 3.6 4.0 4.1 2.4 4.1 2.7 
30 3.35 0 3.20 2.93 2.98 0 
 3.40  3.25 3.03 3.04  
 1.5  1.6 3.4 2.0  
27 2.58 2.50 3.29 3.54 2.85 2.01 
 2.64 2.56 3.38 3.59 2.93 2.04 
 2.3 2.4 2.7 1.4 2.8 1.5 
26 2.02 0 2.86  1.93 0 
 2.02  2.89  1.96  
 0  1.0  1.6  
25 1.97 2.34 2.74 2.37 2.18 2.24 
 1.94 2.27 2.70 2.33 2.19 2.25 
 -1.5 -3.0 -1.5 -1.7 0.5 0.5 
24 2.08 0 2.73 1.82 1.79 0 
 1.97  2.61 1.82 1.77  
 -5.3  -4.4 0 -1.1  
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Integral parameters (global power, system pressure, feedwater flow, etc.) remained 

practically unchanged during the transient. 
FC power increased at the rate of ~ 4% per second during the first 17 s and then decreased 

a little. Fuel temperature grew “slowly” enough during this period (~ 30оС per second) from 
the viewpoint of fuel failure. The maximum value of fuel enthalpy observed in this accident, 
was about 530 kJ/kg, which is well below the permissible limit. 

Maximum cladding temperature reached ~ 330-340oC, which is also below the acceptance 
criterion. The flow rate in the fuel channel experiencing the largest power surge, decreased by 
~10-15%. 

In this accident, the values of all safety parameters calculated by the two codes, are well 
below acceptance criteria. 

At the same time, it should be mentioned that safety parameters were found to be sensitive 
to the thermomechanical model of the pellet-to-cladding gap. 
 
2.1.3    Conclusions 

 
The main finding of the study on the accident involving spontaneous withdrawal of a CPS 

rod, is the conclusion that SADCO is a best estimate neutronic code comparable with the best 
modern Western codes in this field. At the same, it was recommended to continue the work on 
the improvement of the main cross-section libraries. 

The analysis also showed that all safety parameters were well below the acceptance 
criteria. It was concluded, however, that it would be useful to perform further studies on the 
sensitivity of the calculation results to the variations in power, burnup and coolant flow 
distributions, and to locations of CPS rods. 

Considering that the thermal hydraulic feedbacks play insignificant role in the conditions 
of spontaneous withdrawal of a CPS rod, the most efficient way to perform a detailed analysis 
of the margins available to the thermal hydraulic instability, is by step-by-step calculations 
using 3-D neutronic codes and best-estimate thermal hydraulic codes. 
 
 
2.2    Blockage of DGH flow 
 
2.2.1  Statement of the problem and analysis methodology 

 
In the framework of Task 2.2 experts compared the results of the calculations on a 

beyond-design-basis accident in an RBMK reactor - loss of coolant supply to one DGH, 
obtained with the French code CATHARE developed and supported by CEA (Grenoble) and 
the U.S. code RELAP5/Mod3.1 used in Russia. CATHARE is a two-phase thermal hydraulic 
code used in the safety analysis of Western pressurized water reactors (PWR). 

It was pointed out in the previous TACIS project related to the safety of RBMK 
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reactors that DGH flow blockage could be expected to cause certain deterioration of heat 
removal from the channels connected to this DGH, but it could not cause pressure tube 
rupture, either single or multiple. This conclusion had been made based on the analysis of this 
event using the model of an isolated fuel channel in which the flow rate fell from its nominal 
value Gnom to that of a steady-state flow in a bypass line, i.e. 20% Gnom. An additional analysis 
of the case involving loss of coolant supply to DGH, carried out by RDIPE staff with one 
DGH pass simulated as a system of parallel channels, revealed the possibility of thermal 
hydraulic instability in the parallel channels connected to the affected DGH and the 
possibility of an overheating of the most rated FC with potential subsequent rupture of the 
pressure tube under nominal pressure. 

The comparative analysis of this accident which was performed in the framework of 
TACIS Project R 2.30/94, fell in with the usual practice of verifying the calculations on 
complicated transients.  

The statement of the problem covered specification of the initiating event, initial and 
boundary conditions, and dictated maximum possible similarity between the reactor model 
and input data. 

Of great importance in this analysis was simulation of the bypass line connecting 
pressure header and affected DGH, and also simulation of the consequences of pressure tube 
rupture(s) following tube overheating, i.e. reactor trip on high pressure in the reactor cavity 
(RC). 

The analysis included simulation of both circulation loops of the reactor circulation 
circuit. The “intact” loop included only one fuel channel of average power. The “affected” 
loop of the circulation circuit included 21 normal DGHs and one DGH in which the flow rate 
fell initially from its nominal value to nil. Fuel channels connected to “normal” DGHs in the 
affected loop were simulated as one equivalent channel in CATHARE and as 5 equivalent 
channels of different power in RELAP5. The fuel channels of the “affected” DGH were 
simulated in both codes by 5 groups of fuel channels and two channels containing additional 
absorbers, (See Table 5 for flow rates and power). 

 
Table 5. Groups of equivalent FC connected to the “affected” DGH with       
               flow blockage 
 

Number of fuel 
channels connected to 
the “affected” DGH 

2 FC 7 FC 20 FC 9 FC 2 FC 2 AA 

Power (MW) 1.0 1.5 2.0  2.4 2.9 - 
Flow rate (kg/s) 3.9 4.91 6.47  7.68 7.93 11.1 (m3/h) 

     
The following components were simulated in the two circulation loops: 
• steam drum separator – one per each loop with double water inventory in each; 
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• steam lines – by equivalent lines (in terms of hydraulic resistance); 
• downcomers and main circulation pumps – by one equivalent element; 
• 22 DGHs of the intact loop – by one equivalent DGH. 
 

      It was assumed in the analysis that the tube broke if pressure tube temperature reached 
650оС, with resultant loss of coolant into the guillotine break into a volume under the pressure 
of 100 kPa. Reactor continued operating at full power until a trip signal was generated upon 
the increase of RC pressure after the FC break. 
      The input decks used in CATHARE and RELAP5 calculations, were as close as possible 
to each other, and the remaining differences were not expected to influence transient 
behaviour and results. 
      The bypass lines connecting pressure header and ECCS headers in the “affected” loop 
were simulated in both codes, while the bypass lines running from ECCS headers to “normal” 
DGHs were taken into account only in RELAP5. However, this difference did not affect 
transient behaviour because these lines were cut off by the check valves immedeately after the 
DGH blockage. 
      Hydraulic losses in circulation circuit components might be different in the two codes, but 
they practically do not affect bypass and FC flows prior to and after the DGH blockage. 
      The two codes may simulate thermal structures in a somewhat different way, but this 
cannot lead to a serious disagreement in the calculation results. 
      However, it should be noted that heat transfer between the neighbouring graphite bricks is 
simulated in RELAP5 and is not simulated in CATHARE, which may influence to a certain 
extent the initial temperature of graphite. The codes calculated somewhat different 
temperatures in the fuel centre, which might be explained by some differences in the 
simulation of the thermomechanical behaviour of fuel and gas gap in fuel rods. 
      The initial power, flow and pressure distribution data were very similar though not exactly 
the same. 

 
2.2.2  Calculation results 

 
      The results of the calculations on the main parameters indicative of accident progression, 
performed by the two codes, are close enough. 
      As a result of the DGH flow blockage, the flow in the bypass line between the pressure 
header and the ECCS header,  increases from ~15 kg/s  to 65 kg/s in RELAP5 (Fig. 2 ) and to 
60 kg/s in CATHARE.  
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             Fig.  2       Bypass flow in case of DGH blockage, according to   

                    RELAP5/Mod3.1* 

 
 
 

 This bypass flow remains till the time of pressure tube break in the most rated 
equivalent channel experiencing overheating. Following the tube rupture, the flow slightly 
increases at first and then decreases to ~ 55 kg/s. After the break, the flow in the most rated 
equivalent channel (2.9 MW) amounts to 14 kg/s according to CATHARE and to 18 kg/s 
according to RELAP5 (Fig. 3). This disagreement may be caused by some differences in the 
simulation of critical flows. 

 
 
 
 
 
 
 
 

 
______________ 
      *DGH flow blockage shown in Fig. 2, occurs at the 120th s. 
The 120th s is the time of accident onset. The period from 0 to 120 s is parameter stabilization interval in these 
calculations. 
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Fig. 3   Flow in the most rated equivalent channel after its break following the         
            blockage of DGH flow (according to RELAP5/MOD3.1) 
 
 

       It can be seen in Fig. 3 that low flows in the fuel channels of the “affected” DGH cause 
flow oscillation which in all groups of the channels connected to this DGH, amounts to ~ 0.55 
Hz. The amplitude  value of flow oscillations in the group of minimum power channels, is 
0.08 kg/s, while in the FCs with maximum power (i.e. most rated) it reaches 3 kg/s.  Such 
operating conditions in the channels of the “affected” DGH lead to the degradation of heat 
removal conditions, overheating and break of the most rated channels when the pressure tube 
temperature rises to 650оС on the ~ 460 s (after flow blockage) according to RELAP5 (Fig. 4) 
and on the 1630 s according to CATHARE. It seems that this discrepancy is due to the 
differences in the models describing heat transfer between FA and graphite block and, 
possibly, due to the integration step used in the analysis (CATHARE uses implicit finite-
element scheme). Such differences may play but insignificant role in the estimation of FC 
temperature but may seriously affect the time of break occurence. 
      Following the pressure tube rupture in the most rated channels and subsequent reactor trip, 
pressure tube and cladding temperatures in other FCs of the “affected” DGH fall to the 
saturation point. 
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             Fig. 4   Variations in the temperature of graphite ( • ), pressure tube (    ), 
             cladding ( ο ) and fuel pellet ( + ) in the most rated channel in case      

              of DGH flow blockage 
              

       The codes gave very similar results for the following transient parameters:  
• DGH flow blockage leads to the decrease of DGH pressure and flow increase in 

ECCS bypasses;   
• the flow in ECCS bypass lines provides limited cooling of the channels connected 

to the “affected” DGH;  
• in these FCs, there appear flow oscillations which are described by the codes in 

much the same way, provided a small maximum time increment is chosen;  
• both codes point to the possibility of a break in the two most rated fuel channels;  
• after the break of the most rated FCs, the cooling of other channels connected to 

the “affected” DGH becomes worse because some flow is lost in the break; 
• following the reactor trip on the signal of high RC pressure, the cooling of other 

channels of the affected DGH becomes sufficient to prevent further breaks of the 
fuel channels.  

 
 
 2.2.3 Conclusions 

 
       It was demonstrated that following flow blockage in DGH, the degraded cooling provided 
by ECCS bypass flow, is insufficient to prevent FC rupture. With greater bypass flow, FC 
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ruptures can be avoided at all. The minimum value of ECCS bypass flow which allows 
avoiding FC break, can be determined from calculations. 
       The consequences of DGH flow blockage may depend on the number of high-rated 
channels connected to the “affected” DGH.  
       To prevent FC ruptures in case of DGH blockage, it is necessary to add a trip signal on 
low flow in several FC connected to each  DGH (for all DGHs). In this case, ECCS bypass 
flow will provide sufficient cooling of the blocked DGH. 
       For better understanding of the safety issues associated with DGH flow blockage, which 
is a beyond-design-basis accident, it is necessary to perform additional sensitivity 
calculations.  
 
2.3 Ultimate design-basis accident 

 
2.3.1 Statement of the problem and analysis methodoly 
 

Task 2.3 embraced analysis of the transients taking place in case of an Ultimate Design-
Basis Accident (UDBA) at Smolensk 3, including a beyond-design-basis scenario. 
Benchmark calculations were performed by the AEA Technology staff (Winfrith) using 
RELAP5/Mod3.2 and RDIPE specialists who used RELAP5/Mod3.1. The RELAP5/Mod3.2 
version contains some models and improvements absent in Mod3.1, which enhance 
calculation accuracy and broaden the application field of this code. These are, in particular, 
the models describing boron transport, counter-current flow, thermal stratification, etc. 

In the UDBA scenario, the initiating event was guillotine rupture of the pressure header 
with loss of coolant into an unlimited large volume under the constant pressure of 100 kPa. 
Following the PH rupture, there appears backflow in the damaged loop and all check valves in 
the area between PH and DGH close. 

Proceeding from the previous UDBA analyses, it was assumed that the trip setpoint on 
high pressure in ALS compartments was generated in 0.1 s. Considering  the time delay of the 
pressure gauge and the time of signal delay in the electric circuits and logic systems, 
shutdown rods began moving into the core in 1.1 s. Before the  trip signal, reactor continued 
operating at full power (due to small reactivity coefficient), and after the trip the power 
changed as calculated by the neutronic codes. 

ECCS came into operation upon the generation of the signals indicating high pressure in 
ALS compartments and low pressure difference between pressure header and drum separator, 
with the time delay of 1.1 s. One ECCS train was assumed to be unavailable. 

Basically, it is assumed in UDBA simulation that the main feedwater pumps trip in 
response to the setpoint of low deaerator level. However, for the purpose of comparison with 
the results of the analysis using a “Western” model which does not simulate operation of 
ECCS equipment, it was assumed that FWPs trip at the time of PH break. 
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A consequence of the absence of full-scope ECCS simulation in the “Western” model 



was, in particular, the difference in minimum ECCS flow rates: 
 
 kg/s (RDIPE) 1550Gmax

ECCS =
 
 kg/s (АЕА Technology) 1115Gmax

ECCS =

 
The beyond-design-basis scenario following guillotine rupture of the pressure header 

involved additionally: 
- failure of a check valve of one DGH in the affected loop, which was also considered 

as a potential failure in the analysis of the design-basis UDBA scenario; 
- failure to generate trip signals 

• in two signal generation lines based on the pressure growth in the strong leaktight 
compartment of ALS, and 

• based on low MCP flow in the affected loop on account of MCP trip in response to 
inadequate cooling of MCP bearings; 

- generation of reactor trip signal based on low drum separator level in the affected 
loop. In this case, the time when CPS rods begin moving into the core (τTR), depends 
on 
• the time of DS level decrease to trip set point (τDS) (600 mm below DS axis, i.e.  – 

“1000 mm” as indicated by level meter), and 
• time constant of level meter and dead time of electric circuits , i.e. τTR = τDS +1 s 

- additional failure of one of the two pumps of the long-term ECCS subsystem to 

provide cooling of the affected loop, in one of the two available ECCS trains. 

It should be noted that in the beyond-design-basis scenario, all fuel channels connected to 

“normal” DGHs (i.e. DGHs with closed check valves) were simulated by one fuel channel of 

average power in the “Western” model and by five groups of channels in RDIPE model. 

     The difference in DS simulation by the West and the East also proved very important in 

the analysis of the beyond-design-basis event with scram on low DS level. The Western 

model used a standard steam generator model in which DS level in steady-state conditions 

corresponded to water inventory which was by 50 % greater than that in normal operating 

conditions. In the “Eastern” model, the DS level and water inventory corresponded to normal 

operation parameters. 

 
2.3.2 Calculation results 

 

The data on maximum cladding and pressure tube temperatures in case of a design-basis 
UDBA scenario are given in Table 6. 
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Table 6. The results obtained for the design-basis UDBA   
                 (PH BREAK+FAILURE OF ONE ECCS TRAIN) 
 

  Тmax in the beginning of the Тmax  later in the accident 
 
 

 accident (оС)     (High “P”) 
 

(оС)    (Low “Р”)                                

  fuel cladding pressure tube fuel cladding  pressure tube 
 acceptance 700;  1200 650    700; 1200      ~ 800 
 criterion     
affected WEST        617 400         275         397 
loop EAST        530 377 Тs ~ 150 Тs ~ 150 
normal WEST     ~ 300       ~ 300      ~ 360      ~ 450 
loop EAST     ~ 300        ~ 350 Тs ~ 150 Тs ~ 150 

 

      The somewhat higher maximum temperatures of fuel claddings and pressure tubes, 
obtained in Western calculations, are explained by the lower rate of ECCS flow in the 
Western model. 
     Maximum temperatures of fuel channel components in case of a beyond-design-basis 
UDBA scenario can be found in Table 7. 

 
Table 7. The results obtained for the beyond-design-basis UDBA scenario   
                 (PH BREAK+ ECCS FAILURES +FAILURE OF THE FIRST TRIP SIGNAL ) 
 

  Тmax in the beginning of the Тmax  later in the accident 
  accident (оС) (High “P”) 

 
(оС)    (Low “Р”) 
 

  fuel cladding  pressure tube fuel cladding  pressure tube 
 acceptance 700; 1200 650      700;  1200 ~ 800 
 criterion     
affected WEST 747 424 ~ 150 518 
loop      
- check valve 
failure 

EAST 730 437 ~ 150 407 

affected WEST ~ 1105 ~ 527 Тs ~ 150 Тs ~ 150 
loop EAST 740 422 Тs ~ 150 Тs ~ 150 
normal WEST ~ 300 ~ 300 Тs ~ 150 Тs ~ 150 
loop EAST ~ 300 ~ 350 Тs ~ 150 Тs ~ 150 

 
     In this case, the early temperature growth in the channels connected to the DGH with the 
failed check valve, terminates after the appearance of the backflow through the break via the 
failed valve. This happens within several seconds. The process does not depend on ECCS 
performance, therefore the Western and Eastern results agree within 20оС. Both codes 
estimate maximum temperatures of fuel claddings and pressure tubes at ~ 740 оС  and 430оС, 
respectively. 
     The initial temperature growth in the channels of the affected loop, connected to the DGH 
with a sound check valve, depends on the time of  the fast-acting ECCS initiation. In Western 
calculations, ECCS initiation happens 4 s later than in the Eastern analysis (due to inadequate 
simulation of DS water inventory in the), so that maximum cladding temperature rises to         
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1100 оС (moreover, this value is obtained by extrapolation, because the “Western” model 
includes only an average-rated channel). Besides, Western calculations show greater 
temperature growth because of additional heat coming to fuel as a result of the 4 s delay. 
      The temperatures obtained with the “Eastern” model, are close to those of the channels 
connected to the DGH with the failed check valve (~730 оС).  
 
2.3.3  Conclusions 

 
      As follows from the comparison of the results of UDBA analysis performed by the West 
and the East: 

• RELAP5/MOD3.1 code may be used to perform the analysis  to support safety 
assurance measures and improvements in operating procedures; 

• for the design-basis UDBA scenario, fuel claddings and pressure tubes stay within the 
acceptance criteria. In case of the reactor scram on low DS level (which is a key 
feature in the beyond-design-basis scenario), fuel claddings in the most rated channels 
may lose their leak-tightness; 

• model uncertainties do not affect calculation results; 
• the study looked into the role of the failure of early trip signals. It is recommended to 

use the same approach in subsequent studies. 
 
2.4 Anticipated transients without scram (ATWS) 

  
 2.4.1 Statement of the problem and analysis methodology 

 
The purpose of this task was to analyse the capabilities of existing codes in respect of the 

calculation of anticipated transients without scram. For this, a comparison was made of the 
calculation results obtained with different codes for the loss-of-feedwater case. The following 
characterists were compared: 

- minimum time available to the damage of physical barriers - fuel rod and pressure 
tube; 

- second shutdown system effectiveness in respect of keeping core damage within the 
design basis; 

- sufficiency of existing measurement systems and protection signals in case of an 
ATWS. 

The study was performed by a team of Western experts from GRS (Germany) and VTT 
(Finland) using ATHLET code to describe the thermal hydraulics of the coolant circulation 
circuit with a point kinetic model or a coupled version including a 3-D neutronic model 
QUABOX/CUBOX,  and by RDIPE specialists using  MOUNT 1 code. 

In the coupled version QUABOX/CUBOX, neutronic calculations were performed with 
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the simulation of all channels in the core, while the thermal hydraulic calculations using the 
ATHLET code covered two cases in which the core was described by 2 and 16 channels. 

In MOUNT 1, a 3-D neutronic model (DINA code) described the core and a simpler (as 
compared with ATHLET) thermohydraulic model described the individual channels of the 
core. 

All trip signals were not credited. At the same time, it was assumed that 9 local control 
rods did not fail and continued operating, because the local control system is running all the 
time on load, and hence the failure of these rods will be detected at once. 

 
2.4.2  Calculation results 

 
The histories of the safety-related parameters in the loss-of-feedwater scenario point to the 

following. 
In the initial stage of the accident, most parameters remain practically the same, except for 

feedwater flow and DS level. Feedwater flow drops to nil in several seconds. Subsequent 
decrease of the DS water level occurs at the rate of steam generation in the core, which is 
equal to the ratio of reactor power to steam generation heat. As water inventory in DS 
decreases, hot water moves to reactor inlet with a certain delay in downcomers. This provokes 
steam generation in the core and reduces the coolant flow. As a result, local power goes 
beyond the boundaries of LAC insensitivity and this disturbance is compensated by LAC 
rods, keeping reactor power within the acceptable limits. High steam generation causes 
pressure increase in DS, which is then kept at the level of ~ 71 kg/cm2  by BRUK and DS 
pressure controller. 

In this transient, fuel, cladding and pressure tube temperatures practically do not change 
till the time when dry-out in the upper part of the core begins . According to the calculations, 
these temperature conditions in fuel channels remain till ~ 200 s. 

Subsequent heating of the most rated fuel channels, as calculated by ATHLET (with point 
kinetics) and MOUNT 1 codes, is presented in Table 8. 
 

      Table  8.    The time in which FC components reach acceptance criteria in         
                        case of a loss-of-feedwater ATWS 
 

Code ATHLET MOUNT 1 

Time when pressure tube temperature rises 256 s 254 s 

above 650оС   

Time when fuel cladding temperature rises 254 s 240 s 

above 1200оС   

 
       If we assume that after such heating fuel channels retain their integrity, then negative 
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temperature feedbacks will cause power decrease but FC heating will continue. Power 
histories calculated with MOUNT 1 and ATHLET, agree well (Fig. 5) till the 300th s of the 
transient. 
 

 
 
                                 Fig. 5  Power history in the loss-of-feedwater ATWS 

                                        (           ATHLET + Q/C;        - MOUNT 1;  
                                            ------- ATHLET + point kinetics)  
 
 
Talking about other findings of MOUNT 1 calculations, it is worth mentioning that loss of 

feedwater in one loop is similar to loss of feedwater in the whole reactor. In both cases, 
transient behaviour is similar. 

 
2.4.3 Conclusions 

 
The study allowed defining the behaviour of various parameters in the above accidents 

and estimating the time available for taking protective measures. 
The study identified the signals that would be indicative of accident progression. 
The findings of the study can be used in the development of the second shutdown system 

for RBMK reactors. 
 

3 RECOMMENDATIONS  

 

3.1 Task 2.1 – Control rod withdrawal accidents R2.1.1 
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       R2.1.1 

It is recommended to continue SADCO code development on the improvement of the basic 

data libraries and two-phase models of the coolant. 

       R2.1.2 

       The kinetic test run in the frame of this project can be proposed as a generic benchmark 

for neutron kinetics codes involved in reactor safety analysis. 

       R2.1.3 

       Taking into account that the thermal hydraulic feedbacks play insignificant role in the 

conditions of spontaneous withdrawal of a CPS rod, the most efficient way to perform a 

detailed analysis of the margins available to the thermal hydraulic instability are  step-by-step 

calculations using 3D neutron codes (type of SADCO) and best-estimate thermal hydraulic 

codes (type of RELAP5). 

 

 

3.2 Task 2.2 – DGH blockage 

      R2.2.1 

      The ECCS by-pass line presented in all RBMK units provide some significant fuel 

channel cooling after a DGH flow blockage but a scram signal on low flow in several 

channels of a DGH should be implemented to prevent any pressure tube rupture following a 

flow blockage in a DGH. 

      R2.2.2 

      In order to assess a possibility of the implementation the principle of self protection for 

full prevention of pressure tube rupture in case of the DGH blockage it is recommended to 

identify by calculations the minimum value of the by-pass flow rate. 

      R2.2.3 

      For clear understanding of safety issues about the flow blockage in a DGH, which is a 

beyond design accident, further sensitivity tests are recommended: 

• Looking for the worst case, a calculation with 4 Fuel Channels at the maximum power in 

the blocked DGH should be done since 4 quasi-simultaneous PT ruptures may divert 

nearly all the cooling flow to the breaks and the cooling of the other channels may not be 

guaranteed even after the scram. 

• A sensitivity calculation with a separate modeling of each Fuel Channel of the blocked  
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DGH is required for a more representative prediction of the amplitude of the oscillations. 

 

3.3 Task 2.3 – Ultimate design basis accident 

     R2.3.1 

     The RELAP5 computer code could be used to aid in the justification of safety measures,,         

for updating  of operational procedure and to support Safety Analysis Reports for RBMK 

units. 

     R2.3.2 

     There was considerable emphasis put in this study on the implications of failing to take 

credit for early scram signals and on the assessment of uncertainties in modeling of the 

RBMK circulation circuit components. 

 
3.4 Task 2.4 – Anticipated transients without scram  

     R2.4.1 

     The ATWS analysis was limited to the scenario of feed water loss. Results of this analysis 

also as results of analysis for other ATWS scenarios, especially for scenarios with fast core 

overheating, are important for the project on the development of the second shut down system 

because in this case the ATWS probability will be less 10-7 reactor · year. 
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