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Abstract 
The reactor internals are designed to ensure cooling of the fuel, to ensure the movement of emergency control 
assemblies under all operating conditions including accidents and facilitate removal of the fuel and of the 
internals following an accident 
This paper presents results of the numerical simulation of the WWER440/V213 reactor vessel internals (RVI) 
dynamic response to maximum hypothetical Large-Break Loss of Coolant Accident (LOCA). The purpose of this 
analysis is to determine the reactor vessel internals response due to rapid depressurization and to prove no such 
deformations occur in the RVI which would prevent timely and proper activation of the emergency control 
assemblies.  
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1 INTRODUCTION 

The functions of the reactor internals are to support the core, to hold the fuel assemblies in place, to direct 
coolant flow, to hold and protect emergency control assemblies in normal operation conditions and accidents 
conditions. The design of the reactor core must secure, that all the internal components are designed, 
manufactured and assembled in such a way so that they can withstand static and dynamic loads during normal 
operation, abnormal operation and project accidents to the extent necessary for securing of safe shutdown of the 
nuclear reactor, for maintaining the sufficient cooling of the reactor core. 

The safety analyses are the instruments for demonstration that nuclear power plant (NPP) safety standards are 
met. The nuclear power plant safety analysis guidelines [3, 4] define basic requirements and conditions for 
accident analyses. The safety analyses use two basic methods: deterministic and/or probabilistic approach. 
Results of these safety analyses have to be in accordance with the acceptance criteria to ensure that required 
nuclear power plant safety standards are satisfied. The hypothetical accidents are postulated and analyses of the 
dynamic response to these accidents are performed. 

Acceptance criteria related to RVI are defined in [4], UJD SR BNS I.11.1/2008 Requirements for deterministic 
safety analysis, Annex II: Acceptance criteria for safety analysis and severe accidents, part II.1, point 2:  
• A3/e - motion of the emergency control assembly is ensured; 
• A8 - all reactor internal parts should withstand dynamic response during abnormal operation an design 
accidents to the extent necessary for securing of safe shutdown of the nuclear reactor, for maintaining the 
sufficient cooling of the reactor core 

In the case of the LOCA accident it is assumed rapid “guillotine” break of one of the main coolant pipes and 
rapid depressurization of the primary circuit. The pressure wave spreads at the speed of sound, enters the reactor 
pressure vessel (RPV) and causes a pressure difference affecting the reactor vessel internals. It comes to 
unsymmetrical loads of the core barrel due to gradual propagation of pressure wave in the space between the 
core barrel and RPV. These loads are only important in the initial phase of the accident – within a time interval 
of tenths of second after the occurrence of the accident. After this interval, the pressure comes to balance and the 
dynamic load of the reactor vessel internals disappears. 

This problem can be solved by means of two different approaches: 
1. The two-step approach – in the first step, the time behaviour of pressure difference for the single reactor 

vessel internals are determined. In the second step, the structural mechanical analyses are performed using 
the pressure loads coming from the first step. For these analyses two different calculation models are 
created, first for the thermal-hydraulic calculation and second for the structural mechanic analysis 

2. The integrated approach - fluid dynamics and structural mechanics are solved on the integrated 
calculation model and the fluid structure interaction is determined.  
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The numerical simulation of the WWER440/V213 reactor vessel internals response to LOCA accident was 
performed by the integrated approach. Three-dimensional finite element code MSC.Dytran [6] was used for the 
calculation.  

2 ANALYSIS MODEL  

The structural part of the analysis model of WWER 440/V213 reactor internals consists of the core barrel, the 
core barrel bottom, the core basket and the block of guide tubes. The core barrel supports the core basket and the 
block of guide tubes, and separates the cold leg from the hot leg. In its upper part the core barrel is fixed by 
elastic tube elements placed between the RPV cover and the core barrel flange. In its lower part, the core barrel 
is fixed by eight keys which are welded to the RPV cylindrical part. These keys restrain large transverse motion 
of the core barrel while allowing unrestricted radial and axial thermal expansion. The fluid part of the analysis 
model includes the whole volume of primary coolant inside the reactor.  

The geometry and the finite element mesh were created by means of MSC.Patran [5] by using 150 000 eight-
node hexahedral Lagrange solid elements and 270 000 eight-node hexahedral Euler elements with a mapped 
meshing. Arbitrary Lagrangian Eulerian [1] coupling was used for simulation of the fluid-structure interaction 
between the structure and the fluid finite elements. 

 
 

               
Fig.1 Structural part (left) and fluid part (right) of the finite element model of the reactor vessel internals 

3 LOADS AND BOUNDARY CONDITIONS 

The pipe break was assumed in the weld between the RPV nozzle and the primary pipe of the cold loop No.2 in 
the case of LOCA CL and the hot loop No.2 in the case of LOCA HL. 

In a LOCA accident of a pressurized water reactor the pressure in the point of pipeline rupture drops suddenly. 
The generated pressure wave enters the RPV and causes dynamic loads of the reactor internals. The global 
thermo-hydraulic calculation of the LOCA accident was performed by means of the RELAP5/Mod 3.2.2 code by 
using the six loop model of the WWER440 reactor cooling system. This code is dedicated to analyses of 
transients and accidents in cooling systems of light water reactors. It is based on the model of a two phase non-
homogeneous non-steady thermo-mechanical system. In the calculation the break opening time 1ms was 
assumed. 

The pressure time history calculated by the RELAP5/Mod.3.2.2 code for the ruptured nozzle and for the 
remaining cold and hot nozzles is shown for LOCA CL in Fig.2 and for LOCA HL in Fig.3. These pressure 
courses were used as boundary condition at nozzles cross-section in the dynamic analysis performed by means of 
the MSC.Dytran [6] code.  



11th International Conference  May 15-17, 2012   Tatranské Matliare 
ENERGY – ECOLOGY – ECONOMY 2012 High Tatras, Slovak Republic 
 
 

 

     
Fig.2 LOCA CL – The pressure time history in cold and hot RPV nozzles 

     
Fig.3 LOCA HL – The pressure time history in cold and hot RPV nozzles 

4 NUMERICAL SIMULATION 

The numerical simulations of the WWER440/V213 reactor vessel internals dynamic response to the maximum 
hypothetical LOCA accident was solved by using the three-dimensional analysis code MSC.Dytran [6] for 
analyzing the dynamic, nonlinear behaviour of solid components, structures, and fluids. This code is particularly 
suitable for analyzing short, transient dynamic events that involve large deformations, high degree of 
nonlinearity, and interaction between fluid and structures. 

The pressure time courses (Fig.2 and Fig.3) calculated by the RELAP5/Mod.3.2.2 code for the ruptured nozzle 
and for the remaining cold and hot nozzles were used as boundary condition at nozzles cross-section in the 
dynamic analysis performed by means of the MSC.Dytran code. In the each RPV nozzle was defined boundary 
condition FLOWT (Time-dependent Flow Boundary). This parameter defines the inflow or the outflow time 
dependent material properties of the fluid (Euler) finite mesh. 

The contact was defined between the core barrel and the RPV in the following regions: 
1. In its upper part, the core barrel is hung on RPV shoulder and it is pressed by force from deformed elastic 

tube segments. Contacts were defined between lower surface of the core barrel flange and RPV shoulder 
and between outside surface of the core barrel flange and RPV wall 

2. The core barrel is centred in horizontal sealing ring which separates the cold nozzle space and the hot 
nozzle space by means of labyrinth sealing. The contact was defined between outer surface of the core 
barrel sealing ring and RPV inner surface 

3. In its lower part, the core barrel is fixed by 8 keys which are welded to the RPV consoles. The contact was 
defined between the core barrel grooves and particular keys. The contact defined between the core barrel 
grooves and keys allows radial and axial motion of core barrel grooves and prevents their movement only 
in tangential direction i.e. in contact surface normal direction  

The telescopic springs are pushing the block of guide tubes and the core basket in axial direction. These spring 
elements have been simulated by means of the finite element SPRING. 

The MSC.Dytran uses an explicit solver which determines a stable time step based on the mesh size, the speed of 
sound, and the velocity. The dynamic unsymmetrical load of the reactor internals during the LOCA accident 
takes a few tenths of a second and therefore the necessary analysis time was only 0.4s. After this time the 
dynamic load of the vessel internals disappears and the monitored parameters are sufficiently stable. On the other 
side, due to the small element dimensions in the fuel assembly, the solver determined relatively small time steps 
so the calculation consisted of around 1.5 million cycles. 
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5 RESULTS OF ANALYSIS  

The local fluid pressures and velocities, reactor vessel internals displacements and stresses, and contact forces 
were obtained from the numerical simulation of the RVI response to the LOCA accident. 

5.1 Pressure distribution in coolant 

During LOCA CL accident the pressure in the broken nozzle decreases from nominal value to the value of 
saturated steam 5.42MPa. Immediately after the pipe break the pressure difference affects the core barrel wall 
near the broken nozzle. The pressure wave spreads from the ruptured nozzle down through the space between the 
RPV and the core barrel and then continues through the perforated core barrel elliptical bottom into the reactor 
vessel internals. This pressure wave causes asymmetrical load of the reactor vessel internals. The calculated 
pressure difference impacting the core barrel wall opposite the broken nozzle is shown in Fig.4. The maximum 
value of the pressure difference ∆p=5.5MPa was found out at the time of 5ms. The pressure distributions in the 
coolant for selected time steps are shown for the LOCA CL in Fig.5. 

In the case LOCA HL accident the pressure in the broken nozzle decreases from nominal value to the value of 
saturated steam 8.47MPa. The pressure wave spreads from the ruptured nozzle to the space between RPV and 
the core barrel which is smaller than in case of LOCA CL because it is bounded from the upper part by the core 
barrel flange and from the lower side by horizontal labyrinth seal between hot and cold legs. The core barrel is 
perforated opposite the hot nozzles and therefore the pressure wave enters directly into the space of the block of 
guide tubes and spreads inside the reactor vessel internals. The calculated pressure difference impacting the core 
barrel wall opposite the broken nozzle is shown in Fig.4. The maximum value of the pressure difference 
∆p=3.3MPa was found out at the time of 10ms. The pressure distributions in the coolant for selected time steps 
are shown for the LOCA HL in Fig.6. 

Fig.4 indicates that the calculated pressure difference impacting the core barrel wall was higher in the case of 
LOCA CL accident. 

 

  
Fig.4 The pressure difference impacting the core barrel wall opposite the broken nozzle 

 

   
 

Fig.5 LOCA CL – The pressure (MPa) distribution at time 2ms, 4ms, 6ms, 10ms and 30ms 
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Fig.6 LOCA HL – The pressure (MPa) distribution at time 2ms, 4ms, 6ms, 10ms and 20ms 

5.2 Deformations of the reactor vessel internals 

For both considered LOCA accidents the time histories of the calculated core barrel wall displacement opposite 
the broken nozzle are shown in Fig.7. The maximal value of the transverse deformation was 6.5mm for the 
LOCA CL and 4.2mm for the LOCA HL. 

During normal operation the fuel part of the emergency control assemblies is located mostly in the core basket 
and the absorption part is located above in the block of guide tubes. In the case of LOCA accident these 
emergency control assemblies fall down and their absorption part is moved to the core basket and the fuel part to 
the core barrel bottom. The acceptance criteria for the reactor vessel internals demands that the movement of the 
emergency control assemblies is ensured under all operating conditions including the accidents. The emergency 
control assemblies have hexagonal cross-section with dimension of 145mm. The most critical places for the 
movement of the emergency control assemblies are the hexagonal holes (dimension 150mm) in the lower lattice 
of the core basket. Maximal allowable transverse displacement in this critical location is (150-145)/2=2,5mm. In 
case of permanent plastic deformation of RVI in this location higher than 2,5mm it might lead to jamming of the 
emergency control assembly and so avoid their proper and timely activation. 

The maximal calculated transverse deformation in this critical place was only 1.2mm for the LOCA CL and        
0.53mm for the LOCA HL. The time histories of the displacement in this place are shown in Fig.8. From these 
graphs it is evident that the calculated displacements are smaller than allowable value for both analyzed LOCA 
accidents and the movement of the emergency control assemblies is ensured i.e. acceptance criteria A3/e is 
fulfilled. 

 
 

 
 

Fig.7 The displacements of the core barrel opposite the broken nozzle 
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Fig.8 The displacements of the lower lattice of the core basket 

5.3 Analysis of calculated stresses 

The most stressed part of the reactor vessel internals was the core barrel. Immediately after the pipe break the 
stress maximum in the core barrel wall appears opposite the broken nozzle. The maximal value of effective 
stress 200MPa for LOCA CL and 105MPa for LOCA HL was found at the time 5ms. Stress maximum later 
moves towards the contact between the horizontal sealing ring and RVP in the case of LOCA CL. For the variant 
LOCA HL the stress maximum shifts to the core barrel flange. For both variants of LOCA accident the time 
histories of the calculated effective stress in the core barrel wall opposite the broken nozzle are shown in Fig.9. 
The core barrel stress distributions at various time steps are shown in Fig.10 and Fig.11. The calculated stresses 
in the reactor vessel internals fulfilled limits defined in the relevant codes and standards [2] for accident 
situations. 

 
 

 
Fig.9 The effective stress in the core barrel wall opposite the broken nozzle 

 

 

         
 

Fig.10 LOCA CL – Effective stress (MPa) at the core barrel at time steps 5ms, 10ms, 15ms, 20ms and 25ms  
(the deformation scale is 100x) 
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Fig.11 LOCA HL – Effective stress (MPa) at the core barrel at time steps 5, 10, 15, 20 and 25ms (the 

deformation scale is 100x) 

6 CONCLUSION 

The nuclear power plant safety analysis guidelines [3, 4] define basic requirements and acceptance criteria for 
accident analyses. The most important acceptance criteria for the reactor vessel internals demands that RVI 
ensure the movement of the emergency control assemblies and all reactor internal parts should withstand 
dynamic response during normal operation and design accidents. 

The numerical simulations of the WWER440/V213 reactor vessel internals response to the maximum 
hypothetical LOCA accident showed: 

1. During both analyzed LOCA accidents no such deformations will occur which would prevent unrestricted 
movement or proper activation of the emergency control assembly. 

2. The calculated stresses fulfilled limits for accident situations defined by the relevant standard [2]. 
3. The dynamic loading during LOCA on cold leg causes higher deformation and stresses in the reactor vessel 

internals than in case of LOCA on hot leg. 
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