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ABSTRACT 

 
     Now three incidents related to fuel channel (FC, or pressure tube) rupture occurred at different NPP units. The most severe 
scenario of this accident is a sequential breaking of several FCs (i.e. multiple pressure tube rupture, or MPTR) as a chain 
reaction following a single channel rupture. Since the problem is complex and interdisciplinary (mechanical, thermo-
hydraulic, and fluid-structure interaction processes), the analysis of MPTR requires performing of a series of theoretical and 
experimental studies of separate physical processes running in the RBMK reactor. The experimental rigs concerned the 
MPTR have been designed and constructed at Electrogorsk Research & Engineering Center (EREC), Russia.  
     Full-scale TKR test facility was designed and constructed as a main part of the investigation project. The TKR tested core 
is a module of the reactor stack, is a full-scale fragment of the RBMK-1000 reactor space from the support plate of upper 
metal structure to the safety plate of the bottom metal structure with a graphite stack with FC tubes of 5×5 cells (25 graphite 
columns with FC). The fragment is surrounded with a series of graphite columns with reflector cooling channels (RCC). The 
TKR test facility is intended for the study of an emergency single fuel channel rupture and its consequences, in particular: 
measurement of pressure and temperatures in the graphite stack, measurement of bending of the graphite columns, 
measurement of strains of the channel tubes, assessment of parameters of fracture of the graphite blocks and channel tube. 
     Since the TKR test facility contains only 45 of ~ 2500 channels of the RBMK reactor, experimental solution of the MPTR 
was based on experimental simulation of the worst case scenario as the most dangerous accident progression from point of 
view of MPTR. The wide range of experimental tests performed in the small-scale test facilities, theoretical investigations, 
the preparatory tests in the TKR test facility, and the first full-scale test made it possible to define and realize worst case 
scenario in the TKR test facility during the second full-scale test. All surrounding FC tubes after the rupture of the emergency 
one remained intact. 
     The logic of the full-scale tests organization in the test facility TKR (a complex of experimental researches on the small-
scale rigs which revealed critical factors of accident process, construction of the diagram of RBMK worst-case scenario, 
adaptation of this scenario to TKR conditions, testing of scenario elements in preparatory experiments in the TKR test facility 
and specification of the worst-case test parameters in the first full-scale experiment) leads to a conclusion that those two 
experiments confirmed preservation of integrity of the adjacent channels to the ruptured one. This supports the assumption 
that a multiple pressure tube rupture caused by a rupture of one tube can be excluded for RBMK. 
 
INTRODUCTION 
 
     In 1991, the International Project "Safety of the RBMK NPP Design Choice and Operation" was organized with the 
purpose to co-ordinate the efforts for improving the RBMK safety. In 1994, the multiple pressure tube rupture problem was 
defined as one of the important problems to be solved. By multiple pressure tube rupture is meant rupture of more than one 
fuel channel that occurs during rather shot time interval in consequence of one initiating event or group of initiating events. 
     According to the assessments made by experts of the Research and Development Institute of Power Engineering (RDIPE), 
rupture of a single tube is most probable event that may result in multiple pressure tube rupture.  
     From the RBMK operating experience, there are known three accidents with rupture of one channel tube: 

• at the NPP Leningrad in 1975 – as a result of local power rise; 
• at the NPP Chernobyl in 1982 – by reason of coolant cutoff; 
• at the NPP Leningrad in 1992 – by reason of coolant cutoff too. 

     In the course of these three events, ruptures of neighboring channels are not observed. However, this is not to say that 
there are no conditions under which similar accidents could provoke multiple pressure tube rupture. Conclusion of MPTR 
impossibility might be drawn, since the MPTR event had not been observed at fuel channel rupture under the most 
conservative conditions of the RBMK stack.  
     Thus, development of the RBMK worst scenario (as regards FC rupture) and follow-up experimental simulation or/and 
input modeling of that scenario are one of the ways to solve the MPTR problem. 
     The accidental processes running in the RBMK at rupture of a fuel channel are multiparametric processes (combination of 
the thermohydraulic, mechanic and geometric parameters that define properties and interactions of the core structural 
elements and fluid in each point of time). These processes include multiplex interactions with variations of the phase 
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changes, moving boundaries, boundary conditions with time. It is evident that mathematical model claiming for completeness 
of coverage of all studied processes may include unjustified simplifications. It is obvious too that there is no possibility to 
realize complete similarity of above mentioned processes running at physical modeling to the RBMK processes in only one 
test facility. 
     Reasoning from aforesaid, the EREC experimental and analytical studies into the MPTR problem are subjected to the 
following logic. 
     On the base of the phenomenological analysis of the processes running in the RBMK stack when rupturing a fuel channel, 
there have been separated out three main groups of the processes at qualitatively distinguishable parameters: 

• heating, deformation and fracture of a single channel tube in graphite column; 
• discharging the coolant through the break, moving the steam-water mix through the stack gaps and interaction of that 

mix with the graphite blocks; 
• deformation and mechanical interactions in the graphite column group under bending loads. 

     The processes under consideration are realized at the least at three different scales: 
• single graphite column with fuel channel; 
• group of the graphite columns with fuel channels; 
• RBMK stack as a whole. 

     To study the above listed processes and their interrelations at different scales, minimum number of needed test rigs (four) 
has been determined: 

• test rig with the fragment of a single accidental channel included in graphite column (or without the column present) 
(Test Rig TKP-F) to study the processes running at rupture of the channel and graphite blocks (Medvedeva at al.[1]); 

• test rig with included fragment of the local stack with gaps between graphite columns (Test Rig TKR-F (graphite)) to 
study leaking the steam-water mix through the gaps between the graphite blocks (Medvedeva at al.[2]); 

• test rig that includes the reduced model of column row (Test Rig TKR-M) to study the mechanical disturbance 
transfer in the stack, caused by fuel channel rupture (Fig. 1); 

• test rig with the fragment of the RBMK stack with regular fuel cannel tubes included (TKR Test Facility, see below) 
to study interrelations between the processes running in realizing the integral accidental scenario. 

 
 

  
 

Fig. 1 Appearance of the TKR-M rig 
     The small test rigs TKR-F, TKR-F (graphite) and TKR-M are used for: 
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• study of specific effects (processes based on small number of parameters); 
• separating out the factors having significant effect on accident development (i.e. of the factors having effect on tube 

rupture risk level); 
• refining details of the full-scale test technique. 

     Purpose of the full-scale test facility is to demonstrate the results forecasted on the base of the theoretical analysis and 
preparatory experimental studies in the small rigs.  
     Conceptual program of the studies in the small-scale test rigs and TКR Full-Scale Test Facility completed in 2001. The 
experimental and analytical studies allowed answering in the affirmative manner as regards validity of the MPTR 
impossibility statement in the RBMK.  
     On the base of the theoretical analysis of the possible for the RBMK scenarios with fuel channel rupture, there have been 
developed scenarios dangerous in respect to fracture of the fuel channels adjacent to the ruptured channel. That analysis 
included: 

• classification of the accidents connected with possibility of initiating the MPTR by the scale of the reactor element 
destruction); 

• development of the MPTR model (separating out the factors having effect on the MPTR, determination of the 
necessary conditions for the MPTR onset and ascertainment of the event sequence, the MPTR necessary conditions 
may be realized);  

• estimators of the key energy parameters of mechanical condition of the graphite stack nearby ruptured fuel channel 
for different combinations of the factors having effect on the MPTR development (energy of the FC elastic and 
plastic deformation, energy needed to rupture fuel channel) and determination of worst combinations of these factors 
(when at least one fuel channel is to be received energy stimulus to rupture).  

     Reasoning from the results of the theoretical analysis of the RBMK FC rupture parameters and of the experimental studies 
in the small-scale test rigs, there have been separated out and valued (quantitatively or qualitatively) effects (critical factors) 
each being taken separately may effect on the MPTR risk. These factors may have more or less intensive effect at their 
certain combinations. Classification of the critical factors has been made up according to the extent of their effecting on the 
MPTR risk level. Such combination of the critical factors has been determined that resulted in maximum value of the 
breaking load applied at fuel channels (the RBMK worst scenario). That worst scenario adapted to the TKR Test Facility 
operation conditions has been realized as full-scale test. 
 
CARRYING OUT THE FULL SCALE EXPERIMENTS IN THE TKR TEST FACILITY 
 
     The principal scheme of the TKR test facility (Fig. 2) includes the following systems: 

• Module of the reactor stack (MRS); 
• Water treatment installation (WTI); 
• Heating-up circuit. 

     MRS, which is the test section of the TKR test facility, represents part of the reactor stack of a RBMK-1000 reactor from 
the lower plate of the upper metal structure to upper plate of the lower metal structure,  including the graphite stack with FC 
pressure tubes. The test section is a matrix comprising 5×5 cells (i.e. a total 25 columns with FCs). The test section module is 
surrounded by an outer row of columns comprising RCC. The main characteristics of the MRS are: 

• Scale, 1:1; 
• Working fluid, steam-water; 
• Number of FCs, 25; 
• Number of reflector cooling channels, 20; 
• Total number of columns comprised of graphite bricks, 45; 
• Maximal operation pressure in FC, 10 MPa; 
• Maximal pressure inside the MRS vessel, 0.07 MPa; 
• Maximal coolant temperature, 300°C; 
• Maximal graphite stack temperature, 300°C; 
• Maximal coolant flow rate, 150 kg/s. 

     The emergency or accident FC is the central channel of the MRS. The thermite heater is inserted inside the emergency 
channel. During the test, the thermite heater heats up a local area of the FC tube to over 700°C, in order to achieve thermal-
mechanical rupture of the emergency FC. The surrounding 24 channels simulate the non-emergency FCs. During MRS 
heating up, these surrounding channels are connected to the heating-up circuit. Coolant flowing through these channels heats 
the MRS graphite stack up to ≈ 280°C. During the test, the pressure and temperature in the surrounding channels are kept 
close to the parameters corresponding to those in RBMK-1000: pressure 7.5÷8 MPa and temperature 280÷285°C. 
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Fig. 2 Appearance of the TKR test facility 
 

     The WTI is used for the heating up of the required volume of water and steam before the test. The heated water and steam 
is then supplied during the test into the break of the emergency FC and then further into the graphite stack. The WTI is a high 
pressure vessel with an integral water heating system. The main characteristics of the WTI are: 

• Working fluid, water-steam; 
• Operation pressure, 10 MPa; 
• Operation temperature, 300°C; 
• Vessel diameter, 2000 mm; 
• Total volume, 22.8 m3; 
• Acceptable heating up rate, 30 °C/hr. 
• Electrical heaters power – 15 kW. 

     Measurement system was made to record the thermal-hydraulic, geometry and deformation parameters taking place in the 
graphite stack during emergency FC rupture. The following parameters is recorded: 

• Steam pressure in the emergency channel inlet; 
• Steam temperature in the emergency channel inlet; 
• Steam flow rate into the break; 
• Pressure in the non-emergency FCs; 
• Pressure in the graphite stack gaps; 
• Graphite bricks surface temperature; 
• Emergency FC wall temperature; 
• Deformation of FC tubes; 
• Graphite column displacements. 

     On December 14th, 2004 at 10:20 WTI heating up was started and by 21:00 it was heated up to 287 °C at a pressure of 
6.4 MPa. After the new thermite heater was installed into the emergency channel on December 15th WTI, the heating up of 
the graphite stack to operating test conditions was started. Before initiation of the thermite heater the following parameters 
were registered: 
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• WTI: P = 8.0 MPa, T = 296 °C; 
• Non-emergency FCs: P = 7.97 MPa, T = 278 °C; 
• Surface temperature of bricks adjacent to the central column: 276 °C. 

     Electrical current was supplied to the thermite heater at 21:40 and in 78 seconds the central channel rupture occurred. The 
wall temperature of the emergency FC at the moment of the break was 653 °C (YH44T01 thermal-couple). 
     Within one minute after the rupture the following parameters were registered: 

• Flow rate into the break of the emergency FC – from 8.0 kg/s (initial fractions of a second) to 6.16 kg/s; 
• Pressure in the inlet to the emergency FC – from 8.0 MPa (initial fractions of a second) to 2.56 MPa; 
• Temperature in the emergency FC inlet – from 310 °C (initial fractions of a second) to 227 °C. 

     The coolant flow rate continued to decrease and within 185 seconds after the break the emergency FC was isolated from 
the WTI. After the emergency channel break and during the period of coolant discharge to the stack, all peripheral FCs had 
been remaining their integrity. Fig. 3 represent some result from visual observation obtained during stack inspection after 
experiment. 

 
 

         
 

Fig. 3 The emergency channel inside fracture site (at the left), and the cartogram of residual column bends in the 
central height section (size of graphite block – 250 mm) 

 
     In the course of the first full-scale test, serviceability of the TKR Test Facility and its measuring system has been checked. 
The information derived from analysis of the experimental data allowed specify the second test parameters and prepare 
performance of that test in compliance with the worst scenario, the basic conditions are following: 

• Steam-water mix is used as a coolant; 
• Rupture direction is along one of the stack symmetry axes (along column row); 
• Rupture is located in the central part of the stack height; 
• Two columns have reduced gaps in the system of FC tube – graphite rings – graphite block, that simulates 

deformation restraint on radiation contraction of graphite blocks and swelling of FC tube as a result of thermo-
radiation creep; 

• Missing stack simulators simulates missing columns. 
     Constraint of the potentially vulnerable FC tube is one of the elements of the worst scenario. It is connected with 
downsizing radial gaps in the system: FC tube – graphite rings of solid contact – graphite blocks under long operation 
condition. Other important element of the worst scenario consists in positioning the coolant discharge from the break in the 
accidental channel along the non-diagonal symmetry axis of the damaged column in direction of potentially vulnerable FC. 
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     The inspection of the accidental FC tube and stack conditions after first full scale test demonstrated that rupture 
orientation deflection from the expected one was obtained. On the other hand, the stack deformation intensities in direction of 
the steam discharge through the break as well as in the opposite direction (that is direction of the reactive force impact) were 
closely related. 
     And so, in the second full-scale test, there have been installed two special columns with reduced radial gaps so that the 
potentially vulnerable FC tube turned out at the axis of the stack worst deformation beyond the connection with initial rupture 
direction. The first column has been installed in direction of the graphite ring gaps of the accidental column as in the most 
probable direction of the rupture, and the second column has been installed at the angle of 90° to this direction. One of these 
columns is assumed to be at location of the stack worst deformation at any direction of the initial rupture – either directly 
under impact of the discharging coolant or under impact of the reactive force. 
     The missing stack simulator has been installed from the outer side of the graphite columns with the reflector cooling 
channels. Calculation of the simulator parameters was performed based on TKR-M experimetnal results and specified on the 
data of the measurements of the tube deformations and column system displacements in the first full scale test. To simulate 
the missing stack elastic resistance to flexure of each column of the peripheral row in the TKR Test Facility stack the elastic 
springs was used. To simulate the resistance viscous (inertial) component, hydraulic cylinders with specified outlet hydraulic 
resistance was used. 
     At 12:38 (on June 22, 2005), the TKR Test Facility operating condition was in line with the specified test conditions. At 
that, the WTI pressure was 8.38 MPa, and the coolant pressure in the heated circuit was 8.0 MPa. Coolant temperature in the 
water treatment installation was set at level 299°C, whereas, coolant temperature in the heated circuit was ≈ 292°C. The 
following parameters were set at the peripheral fuel channels: pressure – 8.0 MPa and temperature – ≈278°C. At 12:44:42, 
electric current was supplied into the system of firing the thermite heater. At 12:44:51 raising of temperature of the 
emergency FC wall was started. At 12:45:20 readings of the thermocouples reached the maximal value – 701°C. After 
nonessential decreasing the temperature and its following rise up to 696°C, slow decreasing the emergency FC wall 
temperature was begun. 12:46:06 – emergency fuel channel was ruptured. Following the emergency FC break, practically 
without delay, a breaking membrane was broken and that ensured supply of steam-water mix to the break along the lower 
pipeline from WTI to the emergency FC. During the first fractions of a second, total steam flow rate (from the top) and 
steam-water mix (from the bottom) into the FC break was 22,3 kg/s; then it was regulated at the level of ≈19,8 kg/s and was 
remaining the same for 15 seconds of the process. Then the flow rate reduced, and in 83 seconds after the break of the 
emergency FC was disconnected with WTI. After the emergency channel break and during the period of coolant discharge to 
the stack, all peripheral FCs had been remaining their integrity. 
     Figs. 4 represent some result from visual observation obtained during stack inspection after second experiment. 
 
 

       
 

Fig. 4 The emergency channel inside fracture site (at the left), and the cartogram of residual column bends in the 
central height section (size of graphite block – 250 mm) after second experiment 
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CONCLUSION 
 
     The analysis of results of the first full-scale experiment has allowed to draw conclusions as follows: 

• emergency FC break and rupture of graphite rings and blocks of an emergency cell produce a plenty of graphite 
fragments casually distributed to gaps of the stack that cause strong heterogeneity of its residual deformation and 
essentially influence on redistribution of stream flows; 

• the basic stage of stack deformation (from the beginning up to maximization of deformations) is connected with fast 
increase of flow rate to the emergency FC break and corresponding rise of pressure in the break cavity that causes the 
significance of the double-ended discharge to the FC break to realize the worst accident scenario; 

• high rate of deformation of the graphite stack confirms the significance of presence of viscous component in the 
missing stack simulator that models inertial resistance of the big mass of RBMK graphite columns; 

• the received experimental data confirmed the calculated viscosity of the missing stack simulator and allowed to 
develop the diagram of vertical redistribution of forcing resistance; 

• rows of stack column are undergone with maximal deformation in the direction of non-diagonal axes of its symmetry 
that confirms the conclusion received theoretically on the greatest flexibility of the stack in that direction; 

• the direction of break oriented by the ordered arrangement of gaps of the emergency FC rings can have a casual 
deviation from set one, that requires the installation of several potentially vulnerable FC tubes; 

• vicinity of intensity of stack deformation in the direction of steam discharge from the break and in an opposite 
direction (a direction of action of jet force) proves the installation of two potentially vulnerable FC tubes for 
realization of the worst case scenario (in direction of gaps of the emergency column graphite rings and at an angle 90° 
to that direction); 

• the worst-case scenario developed on the basis of the results from the small-scaled experiments, on the basis of the 
TKR preparatory tests and the theoretical analysis is adequate as a whole to the situation realized in integrated 
accident process. 

     During the first full-scale experiment, the operability of the test facility and measuring system were tested. The 
information received as a result of the analysis of experimental data, allowed to specify parameters of the second experiment 
and to prepare its carrying out under the worst-case accident scenario. 
     The resulting analysis of the second full-scale experiment showed, that the planned worst-case scenario was reproduced in 
full, and more dangerous situation in terms of MPTR was simulated with use of many parameters of the scenario. Thus all FC 
preserved their integrity. 
     The logic of the full-scale tests organization in the test facility TKR (a complex of experimental researches on the small-
scale rigs which revealed critical factors of accident process, construction of the diagram of RBMK worst-case scenario, 
adaptation of this scenario to TKR conditions, testing of scenario elements in preparatory experiments in the TKR test facility 
and specification of the worst-case test parameters in the first full-scale experiment) leads to a conclusion that those two 
experiments confirmed preservation of integrity of the adjacent channels to the faulted one. This supports the assumption that 
a multiple channel tube rupture caused by a rupture of one tube can be excluded for RBMK. 
     The resultant experimental data is the basis for the elaboration of practical recommendations for upgrading and back 
fitting of RBMK reactors. At this stage the following could be recommended: 

• The resultant experimental data are not the grounds for recommendations for any engineering and organizational 
measures in addition to the procedures accepted at NPP for FC tube replacement, and calibration of orifices in 
graphite blocks that are implemented at the RBMK units now. 

• The resultant experimental data are recommended for the use in the validation of software (codes) describing the 
processes proceeding in the RBMK graphite stack during FC break. 

     The experimental data obtained will be analyzed by the RBMK Head Designer (RDIPE) with regard to assess overall 
design performance of RBMK following the FC rupture. 
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