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ABSTRACT 
Loading of reactor internals due to pressure is negligible during normal and abnormal NPP operation. 
However, large loss-of-coolant accident (LOCA) leads to an extremal dynamic loading of reactor internals. 
Immediately after the break of the main circulation pipeline, significant depressurization occurs and the 
pressure wave is rapidly spread through the primary circuit. Strongly non-homogeneous pressure field is 
formed inside the reactor and quickly varies in time. In the first milliseconds after the break, significant 
pressure gradient arises in the wall of the core barrel load-bearing cylinder due to difference in pressures 
between the inner and outer surfaces of the core barrel. 
The dynamic response of the reactor internals has been solved by coupled analysis using the General 
coupling method. The applied fluid-structure interaction (FSI) approach was verified based on publicly 
available experimental data. For this validation, results of experiments performed on the experimental full-
scale facility HDR (Heiβdampfreaktor) were used. 
After the validation, the real task for VVER 440 reactor internals was solved. The FEM model of both 
reactor internals and the coolant inside the reactor was created. All components of reactor internals were 
included.  

INTRODUCTION 
Reactor internals were designed in such a manner that all their components sustain normal as well as 
abnormal operating conditions and that they are able to maintain their function under emergency conditions. 
The function of reactor internals is to support and protect the core, to hold it in place, to direct the coolant 
flow, to protect the emergency control assemblies in normal and accident conditions and to provide gamma 
and neutron shielding of the reactor pressure vessel.  
Large break loss-of-coolant accident (LB LOCA) is the emergency accident which ranks to the design basis 
of nuclear power plants (NPP). This hypothetical scenario considers “guillotine” break of one of the main 
coolant pipes of the primary circuit. Significant pressure drop occurs at the location of rupture. The pressure 
wave propagates into the primary circuit, including reactor pressure vessel. Strongly non-homogenous 
pressure field is formed inside the reactor and quickly varies in time. This leads to non-symmetrical loading 
of the reactor internals, especially the core barrel (CB), which is caused by the differences in pressure 
between the inner space of CB and the reactor downcomer. This load is important within the first several 
hundreds of milliseconds after the break. In this article, the pressure transient is simulated by coupled 
analysis using general coupling method which is implemented in commercial code MSC.Dytran. This 
method allows to consider mutual interaction between fluid and structure (FSI) in one model. Therefore, 
spreading the pressure wave inside the reactor and dynamic response of the reactor internals are simulated 
together. 
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FSI approach was applied and validated on publicly available experimental data obtained from full-scale 
tests performed on facility called HDR (Heiβdampfreaktor), see Wolf (1981), Wolf et al. (1983). In this 
study, LOCA phenomenon was studied using realistic initial conditions. In the past, these experimental 
results were used for validation of FSI approach by Brandt et al. (2010), Andersson et al. (2003), Casadei 
et al. (2004) and Brandt et al. (2008). 

HDR EXPERIMENT 

The experiments on HDR test facility were carried out in Germany in early 1980´s. The lay-out and the 
main dimensions of the apparatus are shown in Figure 1. The equipment was composed from pressure 
vessel (PV) with nozzles that serve for postulating the rupture (break) and hot and cold lines. The pressure 
vessel  is composed from upper flange, PV-cover, bottom support and PV itself which is of cylindrical 
shape. The internals are composed from core barrel and mass ring; the latter weighting approximately 13 t. 
The internals are joint at the location of upper flange and are free at the location of massive ring (see Figure 
1). 

Figure 1. Left side: scheme of the experiment,  
right side: section of the pressure vessel and internals, Wolf et al. (1983) 

Blowdown experiment V32, which was the base case in the experimental program, was selected for the 
evaluation. The break occurs in the nozzle A1 and most of the other nozzles were closed. The opening time 
was 1 – 2 ms. 
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Experiment V32 is characterised by rapid decrease of pressure at the location of rupture. The pressure 
decreases from 11 MPa to almost 2 MPa after time interval of 2 ms, see Figure 2. Temperature of the broken 
nozzle and downcomer was 240°C. Core temperature varied axially from 283°C at the bottom to 308 °C at 
the upper core.  

Figure 2. Pressure drop at the place of break 

Computational model of HDR 

Finite element computational model was created in pre- and post-processor MSC.Patran. Linear 8-node 
solid elements were used for modelling both the structural part and the coolant. Structural part contains 47 
768 elements and 62 633 nodes. Coolant contains 103 496 elements and 115 642 nodes, see Figure 3. 

Figure 3. Finite element mesh of structural part and coolant, left side: Reactor pressure vessel, middle: 
Corre barrel, right: coolant 
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Simulation starts with initial static load step, where the stationary pressure field inside the coolant was 
achieved. After the static step, nozzle was broken, and pressure drop was postulated.  
Material parameters E = 190 GPa, µ = 0,3 and ρ = 7850 kg/m-3 were used for elastic modulus, Poisson´s 
ratio and density, respectively, for modelling the PV. For the internals, values E = 175 GPa, µ = 0,3 and ρ 
= 7900 kg/m3 were applied. For coolant, bulk modulus K = 523 MPa and density ρ = 767kg/m3 were applied. 
Coolant was considered to be ideal fluid without viscosity. Material parameters were estimated for average 
temperature of the nozzle temperature and maximum temperature 274°C. 

FE simulation results 

Propagation of the pressure field in time is shown in Figure 4. 
In Figure 5, comparison of experimental pressure with the calculated one is seen. From this Figure it is seen 
that pressure predicted by MSC.Dytran captures well the trend of experimental pressure until the time of 
0.1s. After 0.1 s the phase change occurs in the experiment (i.e. steam appears in the downcomer) and the 
calculated pressure is significantly lower than the experimental one. This disagreement was caused by the 
fact that the applied FSI model is inappropriate to capture the phase change in the coolant. This means that 
FSI simulation by MSC.Dytran can be used only for she single-phase tasks. For the beginning phase of LB 
LOCA, where the load of reactor internals due to pressure difference is maximal, this simulation is 
acceptable. 

5 ms 10 ms 15 ms 20 ms 25 ms 

Figure 4. Development of pressure field in the coolant in time 
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Pressure on the inner downcomer wall Pressure on the middle of core 

Figure 5. Pressure in coolant at different locations 

In Figure 6, time variations of the hoop and axial strains are seen. From this Figure, it is seen that calculated 
strains slightly underpredict the experimental ones and exhibit certain oscillations. 

Hoop strain on the outer surface of the core barrel Axial strain on the outer surface of the core barrel 

Figure 6. Time variations of the hoop and axial strain over time 

Based on the above presented results, it can be stated that selected FSI approach can be used to simulate 
the RI response during LOCA accident in NPP VVER 440, at least for the beginning phase of the accident 
when no phase change in the coolant occurs. 

DYNAMIC RESPONSE OF VVER 440 REACTOR INTERNALS 

Analysis model 

Description of reactor internals is shown in Figure 7. RI include core barrel, core barrel bottom, core 
basket and protective tube unit. The core barrel provides support for core basket and for the protective tube 
unit. In its upper part core barrel is fixed by three elastic tube elements which are placed between the RPV 
head and the core barrel flange. Elastic tube elements are not included in the computational model. In its 
lower part the core barrel bottom is fixed by 8 keys welded to the RPV. These keys prevent the core barrel 
from moving in transverse direction. They allow for both radial and axial thermal expansions. The RPV is 
not included in the computational model. Finite element (FE) model  of structural part or reactor internals 
is shown in Figure 8. The fluid part of the model includes the whole volume of primary coolant inside the 
reactor. 
The FE model was prepared in MSC.Patran pre- and postprocessor, using 8-node linear solid elements. The 
structural part contains 216 418 elements with 372 573 nodes. FE model was built using symmetry 
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conditions, i.e. only symmetrical half of reactor was modelled. Protective tube unit contains telescopic 
springs which are simulated in FE model by SPRING elements. 

Figure 7. VVER 440 reactor cut Figure 8. Finite element model of reactor internals 
– steel parts

Loads and boundary conditions 

The core barrel is hanged on the RPV flange and it is pressed by the elastic tube elements. The core barrel 
flange is fixed in axial position and the forces from the elastic tube elements are simulated by the pressure. 
Contacts are prescribed between the core barrel grooves and the keys. The contact allows for both radial 
and axial motions of the core barrel grooves. 
The pipe break was assumed in the weld between the RPV nozzle and main circulation pipe. The break was 
postulated in cold leg of loop No. 2. The global thermal hydraulic calculation of the LOCA accident was 
performed with RELAP5 code. The time variations of coolant pressure in positions of all 12 main 
circulating pipe nozzles obtained from RELAP5 code were taken as boundary conditions in the FSI analysis 
performed by MSC.Dytran. These pressure time variations are shown in Figure 9. 
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Figure 9. Pressure time history applied as boundary conditions at nozzles 

FSI simulation results 

Calculated time variations of the pressure outside and inside the core barrel are demonstrated in Figure 10. 
Outside the core barrel the significant pressure drop in the first 30 ms is seen, whereas inside the core barrel 
the pressure is almost constant. The pressure drop after reaching the core barrel wall propagates through 
the downcomer between the RPV and core barrel and then continues through the perforated elliptical core 
barrel bottom into the reactor core. The maximum pressure difference is almost 5 MPa reached in 9 ms. 
This pressure difference has as a consequence dynamic shock and asymmetrical load to the reactor internals. 
The core barrel is the most stressed part of the reactor internals during LB LOCA. Almost immediately, 10 
ms after the break, the value of effective stress reaches values of about 200 MPa and then the stress slowly 
decreases. Effective stress field in core barrel in different time steps is shown in Figure 11. 

Figure 10. Time variation of coolant pressure at the position of outside and inside core barrel 
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Figure 11. Stress fields at different time steps, [MPa]. 

CONCLUSION 
The simulation method of FSI was used for assessment of reactor internals during LOCA accident. As a 
first step, the approach was validated on publicly available experimental data obtained from experiment 
performed on full-scale experimental facility HDR. The simulation results were compared with the 
experimental ones. From the comparison it was found that the calculated pressure captures well the trend 
of the experimental pressure until the time when the phase change in the coolant occurs. The calculated 
strains differ slightly the experimental ones (but they capture well the trend). Since the simulation results 
showed acceptable accordance with the experimental ones, it was decided to apply the FSI approach to the 
real task for VVER 440 reactor internals. All components of VVER 440 reactor internals were modelled. 
The break was postulated in the weld between the RPV nozzle 

4 ms 6 ms 8 ms 

10 ms 20 ms 60 ms 
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No. 2 and main circulation pipeline. The pressure time history obtained from RELAP5 code was taken into 
account and applied at locations of nozzles.  
LOCA accident caused the dynamic shock on reactor internals and asymmetrical load to RI. Displacements, 
stresses and strains were calculated in the core barrel. Criteria for core barrel acceptability during and after 
LB LOCA are as follows: (1) maintaining the structural integrity of RI, (2) maintaining the ability of the 
emergency control assemblies to drop, (3) maintaining the ability of RI to be withdrawn after the accident. 
The performed calculation showed that these three conditions are met. 

NOMENCLATURE 

FEM finite element method 
LB large break 
LOCA loss-of-coolant-accident 
RI  reactor internals 
RPV reactor pressure vessel 
TH thermal hydraulic 
VVER  water cooled, water moderated energy reactor 
HDR Heiβdampfreaktor 
FSI Fluid structure interaction 
NPP Nuclear power plant 
CB Core barrel 
RPV Reator pressure vessel 
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