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Abstract 
 
Calculations of direct-contact condensation in the pressure suppression 
pool have been performed. Partial pressure model for the condensation of 
pure vapor is used for the condensation, which makes possible modeling 
of the condensation of pure vapor. The heat and mass transfer during 
condensation is studied in detail for experiment PAR-10 in the PPOOLEX 
facility. 
       The rapid collapse of a steam bubble in PPOOLEX experiment COL-
01 has been analyzed with the new Eulerian model of Abaqus. By observ-
ing the collapse behavior, the pressure variation inside the bubble was 
fitted with the experiment. The effect of system size on the pressure peak 
was also examined; these results can be used for studying more thor-
oughly the scaling of the experimental results to full-scale in future. 
       The desynchronization of chugging events in the two vent experiment 
PAR-10 was studied. The statistical distribution of desynchronization was 
determined from the measured pressure data and compared to results 
obtained in a seven vent pipe experiment found from literature. The re-
sponse of BWR containment during desynchronized chugging events and 
with varying speeds of sound was numerically computed using direct time 
integration and modal dynamics procedure available in Abaqus. 
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1 Introduction 

In boiling water reactors (BWR), the major function of the containment system is 
to protect the environment if a loss-of-coolant accident (LOCA) should occur. The 
containment is designed to accommodate the loads generated in hypothetical 
accidents, such as sudden rupture of a main steam line. In such an accident, a 
large amount of steam is suddenly released in the containment. An essential part 
of the pressure suppression containment is a water pool, where condensation of 
released steam occurs. 
 
In a BWR, the pressure suppression containment typically consists of a drywell 
and a wetwell with a water pool. In a hypothetical LOCA, steam and air flow 
from the drywell through vent pipes to the wetwell, where the outlets of the vent 
pipes are submerged in the water pool. In the early part of the accident, mainly 
non-condensable air or nitrogen flows through the vent pipes into the wetwell. 
Then, the volume fraction of vapor increases in the gas mixture. When all the non-
condensable gas from the drywell has been blown into the wetwell, the blowdown 
consists of pure vapor. At this stage, so-called chugging effect may occur, which 
means periodic formation and rapid condensation of large vapor bubbles at the 
vent outlets (Lahey and Moody, 1993). The rapid condensation of the vapor 
bubbles may induce significant pressure loads on the structures in the pressure 
suppression pool and on the containment. 
 
In the present work, a computational fluid dynamics (CFD) simulation of 
chugging is performed by using the Euler-Euler two-phase model of the 
commercial Fluent code. An experiment performed with the PPOOLEX facility 
by Puustinen et al. (2011) at the Lappeenranta University of Technology is 
modeled. The direct-contact condensation in the water pool is modeled with user-
defined functions implemented in the Fluent code. 
 
The rapid collapse of a vapor bubble and the pressure loads are also modeled by 
using the Abaqus finite element method (FEM) code (Abaqus, 2011). The new 
Eulerian method of Abaqus is used for calculating the bubble collapse by taking 
into account the toroidal shape of the bubble, the vent pipe and the finite pool 
geometry. The effect of various parameters, such as system dimensions, on the 
pressure load are first studied for the cases of spherical and toroidal bubbles. 
Calculations are then performed for the PPOOLEX experiment COL-01, where 
fairly large pressure loads were measured. Bubble collapses giving the largest 
pressure loads in the experiment are analyzed and the calculated collapse times 
and pressure loads are compared with the experiment. 
 
The pressure suppression pools of BWRs have typically a large number of vent 
pipes. Experiments have shown that the pressure loads originating from different 
vent pipes are slightly desynchronized (Kukita and Namatame, 1985; Puustinen et 
al., 2011). The desynchronization reduces the overall pressure load compared to 
fully synchronous chugging at all vent pipes. The experimental results for 
desynchronization are studied and applied to a model of a BWR containment. 
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2 CFD modeling of chugging 

The PPOOLEX experiment PAR-10 was used as a test for the modifications of 
the CFD model for direct-contact condensation. Several modifications were made 
compared to the earlier calculations (Pättikangas et al., 2011). In the following, 
we first briefly describe the experiment PAR-10. Second, we discuss the changes 
made in the modeling since the previous calculations. Third, we describe in detail 
the condensation model used in the present calculations. Finally, the CFD 
simulation results are presented and discussed. 

2.1 PPOOLEX experiment PAR-10 

The PPOOLEX facility is a pressurized cylindrical vessel with a height of 
7.45 meters and a diameter of 2.4 meters. The volume of the drywell compartment 
is 13.3 m3 and the volume of the wetwell compartment is 17.8 m3. Steam is blown 
into the drywell compartment via a horizontal DN200 inlet plenum. The 
experimental facility has earlier been described in detail by Puustinen, Laine and 
Räsänen (2010).  
 
In 2010, PAR-10 experiment was performed, where the interaction of two parallel 
vent pipes was studied. In the following, we concentrate on the time interval t = 
500...600 s of the experiment when chugging was found to occur. 
 
The CFD calculation was carefully initialized to correspond to the situation at 
time t = 500 s. It was assumed that the amount of non-condensable gas in the 
drywell was very small because almost all air had already been blown to the 
wetwell. The mole fraction of air in the drywell was assumed to be 0.01 %. The 
temperature of the gas in the drywell was 140 °C. Since the drywell was insulated, 
the walls were initialized to the same temperature. The pressure in the drywell 
was pDW = 2.89 bar. 
 
The temperature of the water pool was 43 °C. The temperature of the gas space of 
the wetwell was stratified such that a linear temperature profile between 33 °C 
and 61 °C was used in the initialization. 
 
The mass flow rate of vapor from the inlet plenum to the drywell was 0.523 kg/s 
and it was kept constant during the calculation. The temperature of the vapor was 
155 °C and it contained a mass fraction of 0.01% of air. According to the 
chugging maps presented by Lahey and Moody (1993), the experiment is in the 
chugging region. This was verified by experimental observation in the experiment 
PAR-10. 

2.2 CFD model for the experiments with two vent pipes 

The surface mesh of the CFD model prepared for the PPOOLEX facility with two 
vent pipes is shown in Figure 1. The horizontal inlet plenum and the drywell and 
wetwell compartments can be seen of the left-hand side. Two vertical vent pipes 
from the drywell compartment to the water pool of the wetwell compartment can 
also be seen. In order to reduce numerical diffusion, the mesh was adapted in the 
region around the vent outlets, where the direct-contact condensation occurs.  
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Details of the resulting finer mesh are shown on the right-hand side in Figure 1, 
where the mesh around the vent pipes is shown. The adaption increased the 
number of the mesh cells from 180 000 to 275 000. 
 
The CFD calculations were performed by using the Euler-Euler two-phase model 
of Fluent 13.0. The Euler-Euler model is a two-fluid model, where conservation 
of mass, momentum and energy are solved for gas and liquid water. The gas phase 
consisted of two species components: dry air and vapor. 
 
The treatment of non-condensable gas was changed compared to the previous 
modeling attempts (Pättikangas et al., 2011). First, the mass fraction of non-
condensable gas flowing into the drywell was reduced from 1 % to 0.01 % 
because enrichment of the non-condensable gas occurs in the vent pipes. Already 
1…2 % of non-condensable gas may prevent chugging. The mixture of the gases 
was treated as a compressible ideal gas. The floating operating pressure option of 
Fluent was used for modeling the increasing pressure inside the vessel.  
 
In the earlier calculations, turbulence was modeled with the standard k-  model 
for the mixture of the phases. This model was found to produce fairly large values 
of turbulent viscosity, which may be one reason for the very synchronous 
behavior of the two vent pipes. In the present simulations, the re-normalization 
group (RNG) k-  model for the mixture is used because it is expected to produce 
smaller values of turbulent viscosity. 
 
In the present calculations, the amount of non-condensable gas is very small. 
Therefore, the previously used condensation model is not feasible because it was 
based on diffusion of steam through non-condensable gas. Instead, a model based 
on partial pressure of steam in the mixture was used, which is described in detail 
in the next section. 
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Figure 1. Surface mesh of the CFD model for the experiments with two vent pipes is shown 
on the left-hand side. On the right-hand side, the adapted finer mesh is shown in the 

horizontal plane near the outlet of the vent pipes. Details of the mesh are also shown near the 
outlet of one of the vent pipes (bottom right). 
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2.3 Condensation model based on partial pressure of steam 

The model assumes that gas–water interactions take place in a thin massless 
interface layer between gas and water. Conceptually, the gas volume is dived into 
two parts. The first part contains the non-condensable gas and the second part 
contains the steam. Both parts share the same temperature Tgas and the sizes of the 
parts are determined by the mole fractions. The transition from steam to water is 
assumed to occur at the saturation temperature of the steam. The saturation 
temperature is determined at the partial pressure of the steam. 
 

 

non-condensable gas 

water 

Qair Qnoncond 

Tgas Twater 

steam water 

Tsat 

water 

T
water

 
Tgas 

Qstem Qcond 

Tgw 

steam 

 
Figure 2. The mass and energy fluxes in condensation. 

Consider first the energy balance of non-condensable gas and water. The heat flux 
is weighted by the mole fraction of the non-condensable gas: 
 

watergas
watergas

watergas
noncondnoncondair TT

htchtc
htchtc

yQQ  (1) 

In the mass balance of steam and water, the mass fluxes are always equal 

 watersteam mm  (2) 

Condensation occurs, when the steam mass flux is positive and the energy balance 
is 
 )()( satwaterwatercondgassteamsteamsteam ThmQThmQ  (3a) 

Evaporation occurs, when the mass flux is negative and the energy balance is 
 
 
 
 )()( waterwaterwatercondsatsteamsteamsteam ThmQThmQ  (3b) 
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Steam heat flux is weighted by the mole fraction of steam: 

 
 

The corresponding water heat flux is 
 
 
The enthalpies can be estimated by 

 
 

 
 
Equations (2)–(6) are combined and solved for the condensation mass flux: 

 
 
 
In case of evaporation, the mass flux is 
 
 
 
 

Here hfg is the latent heat 
 
 
 
The model of Hughes and Duffey (1991) based on the surface renewal theory of 
Banerjee (1978) was used for the heat transfer coefficient with modifications 
introduced by Coste et al. (2008). This model has recently been used, e.g., by 
Štrubelj et al. (2010) and by Tanskanen (2008). The model was described in detail 
by Pättikangas et al. (2011).  

2.4 Simulation results 

In the following, the results for the simulation of the experiment PAR-10 are 
discussed. The simulation was first initialized to the situation corresponding to the 
experiment at time t = 500 s as was described in Sec. 2.2. We next investigate in 
detail the formation and the condensation of the vapor at the vent outlets at time 
interval t = 4.8…5.5 s. 
 
In Figure 3, the volume fraction of gas is shown during one chugging cycle. The 
gas contains almost pure vapor because only negligible amount of non-
condensable gas is present. A vapor bubble is formed at the vent outlets at time t = 
5.1 s. Part of the vapor rises upwards and is condensed before reaching the water 
surface. Condensation continues at the vent outlets and some water is penetrating 
into the vent pipes. 

 satgasgassteamsteam TThtcyQ  (4) 

 watersatwatersteamcond TThtcyQ  (5) 

 

satwater,satwaterwater

satsteam,satsteamsteam
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4.8 s 4.9 s 

5.0 s 5.1 s 

5.2 s 5.3 s 

5.4 s 5.5 s 

Figure 3. Volume fraction of gas at different instants of time during condensation of a gas 
bubble. 
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The heat transfer coefficient calculated from the Hughes-Duffey model is shown 
in Figure 4. The maximum values of the heat transfer coefficient are found at time 
t = 5.1…5.2 s, when bubbles are formed at the vent outlet. The maximum values 
of the heat transfer coefficient in the present simulation are htcwater = 
1…7 MW/m2K. Note that the values above the scale are not shown in Figure 4. 
 
The interfacial area concentration is shown in Figure 5. The interfacial area 
concentration is estimated from the gradient of the void fraction. The maximum 
values are above 20 m–1 and they occur at the vent outlet, where the vapor bubbles 
are forming. 
 
The volumetric heat transfer coefficient is obtained as the product of the heat 
transfer coefficient and the interfacial area concentration: htcwater×ai. The 
volumetric heat transfer coefficient is shown in Figure 6 on a logarithmic scale. In 
the present simulation, the maximum values at the vent outlets are above 
10 MW/m3K. 
 
In Figure 7, the liquid generation rate from vapor in the direct contact 
condensation is shown. The maximum values are about 15 kg/m3s near the vent 
outlets. Some condensation also occurs in the region above the vent outlets 
 
Comparison of the numerical results to the PAR-10 experiment shows some clear 
differences. In the simulation, the period of chugging is much shorter than in the 
experiment. The period in the simulation is about 0.7 s and in the experiment 
about 1.7 s. In spite of the changes done in the modeling, the condensation is still 
too weak. In the experiment, all the condensation occurs near the outlet of the vent 
pipe or inside the vent pipe. On the contrary, in the simulation some condensation 
occurs in the vapor plume rising upwards from the vent outlet. 
 
The differences between the simulation and the experiment are probably caused 
by three main reasons. First, the heat transfer coefficient between liquid water and 
vapor may still be too small. Second, the interfacial area estimated from the 
gradient of the void fraction is probably too small. The product of the heat transfer 
coefficient and the interfacial area determine the condensation rate, and it is 
difficult to distinguish their roles in the experimental result. Third, one can see in 
the experiment that mixing is rapidly increased on the interface of the vapor 
bubble when it starts collapsing at the vent outlet. The role of this increased 
mixing is still not properly taken into account in the present numerical model. 
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4.8 s 4.9 s 

5.0 s 5.1 s 

5.2 s 5.3 s 

5.4 s 5.5 s 

Figure 4. Heat transfer coefficient (MW/m2K) on the liquid side during the condensation of a 
vapor bubble. Note that the values below the scale and above the scale are not shown. 
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4.8 s 4.9 s 

5.0 s 5.1 s 

5.2 s 5.3 s 

5.4 s 5.5 s 

Figure 5. Interfacial area concentration (m–1) near the outlets of the vent pipes. Note that the 
values below the scale and above the scale are not shown. 
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 4.8 s  4.9 s 

 5.0 s  5.1 s 

 5.2 s  5.3 s 

 5.4 s  5.5 s 

Figure 6. Volumetric heat transfer coefficient htcwater ai (MW/m3K). Note that the scale is 
logarithmic. The values below the scale and above the scale are not shown. 
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 4.8 s  4.9 s 

 5.0 s  5.1 s 

 5.2 s  5.3 s 

 5.4 s  5.5 s 

Figure 7. Mass transfer rate (kg/m3s) in direct contact condensation of a vapor bubble. Note 
that the scale is logarithmic. Values below the indicated scale are not shown. 
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3 Pressure loads due to collapsing vapor bubble 

Eulerian FEM calculations were performed for the PPOOLEX experiment COL-
01 by using the Abaqus 6.11 code. This experiment was chosen based on the 
fairly large pressure loads and structural displacements due to the rapidly 
condensing steam bubbles. 

3.1 Analysis of experiment COL-01 

Four bubble collapses giving the largest pressure loads were searched from the 
experimental data. Sensor locations and a schematic picture of a toroidal bubble at 
the vent pipe outlet are shown in Figure 8 and Figure 9. From the high-speed 
video recordings, the maximum sizes of the toroidal bubbles right before the 
collapses were determined as is shown in Table 1 and in Figure 10. The collapse 
of the first bubble is shown in Figure 11. It is seen that the bubble sizes are fairly 
small in this experiment compared to some other experiments, but the pressure 
loads are nonetheless quite large. The small bubble sizes and large pressure loads 
indicate a large condensation rate of steam in the bubble. 
 
Time signals of pressures as well as pool bottom displacement and acceleration 
are shown for the four bubble collapses in Figure 12 to Figure 17. From pressure 
P5, which is taken close to the vent pipe outlet, the characteristic pressure signal 
of a rapid steam bubble collapse can be seen: the first phase consists of an under-
pressure phase during which water is sucked towards the center of the bubble, 
whereas the second phase consists of a rapid over-pressure peak as the volumetric 
water flow is rapidly decelerated. This characteristic behavior has been noted also 
by others, see e.g. Giencke (1981), McCauley et al. (1981) and Kukita and 
Namatame (1985). From the duration of the under-pressure phase shown well in 
pressure P5, the collapse times of the four bubbles can be estimated to be about 
10 ms. This collapse time agrees approximately with the high-speed video 
recordings; the recording speed is 300 fps, which means that the collapses take 
place during about 3 frames. From pressure P5 it is also seen that the duration of 
the over-pressure peak is about 1…1.5 ms. From the video recordings it can be 
seen that the collapses do not usually occur fully axisymmetrically, i.e. duration of 
the collapses is usually not fully synchronous around the circumference of the 
vent pipe.  
 

Table 1. Maximum sizes and collapse times of four bubbles giving the largest pressure loads 
in PPOOLEX experiment COL-01. 

Bubble Time rmax rmax, average R Collapse time 
1 65.56 s 46 mm 

47 mm 110 mm ~10 ms 2 99.35 s 37 mm 
3 100.74 s 55 mm 
4 137.04 s 50 mm 
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Figure 8. Sensor locations in the PPOOLEX experiment COL-01. (Laine et al., 2009) 

 

 
Figure 9. Schematic picture of a toroidal bubble at the vent pipe outlet. 
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Bubble 1 

 
Bubble 2 

 

  
Bubble 3 Bubble 4 

Figure 10. Four bubbles giving the largest pressure loads in PPOOLEX experiment COL-01. 
The bubbles are shown right before the collapse, i.e. when the bubble size is largest. 
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t = 0 ms 

 
3.33 ms 

 

  
6.67 ms 

 
10.0 ms 

 

  
13.3 ms 16.7 ms 

Figure 11. Collapse of Bubble 1 in PPOOLEX experiment COL-01 (continues on the next 
page). 
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t = 20.0 ms 

 
23.3 ms 

 

  
26.7 ms 

 
30.0 ms 

 

  
33.3 ms 36.7 ms 

 
Figure 11. Continues from the previous page. 
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Figure 12. Pressure P5 measured in PPOOLEX experiment COL-01 (  Bubble 1,  Bubble 

2,  Bubble 3,  Bubble 4). 

 
Figure 13. Pressure P6 measured in PPOOLEX experiment COL-01 (  Bubble 1,  Bubble 

2,  Bubble 3,  Bubble 4). 

 
Figure 14. Pressure P7 measured in PPOOLEX experiment COL-01 (  Bubble 1,  Bubble 

2,  Bubble 3,  Bubble 4). 
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Figure 15. Pressure P8 measured in PPOOLEX experiment COL-01 (  Bubble 1,  Bubble 

2,  Bubble 3,  Bubble 4). 

 
Figure 16. Pool bottom position measured in PPOOLEX experiment COL-01 (  Bubble 1,  

Bubble 2,  Bubble 3,  Bubble 4). 

 
Figure 17. Pool bottom acceleration measured in PPOOLEX experiment COL-01 (  Bubble 

1,  Bubble 2,  Bubble 3,  Bubble 4). 
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3.2 Eulerian FEM calculations 

The new Eulerian method of Abaqus 6.11 was used for analyzing the rapid bubble 
collapses in simplified cases. In the Eulerian method, the numerical mesh is fixed 
in space and the material under consideration flows through the mesh, as in the 
CFD calculations. This is in contrast to the Lagrangian description used 
traditionally in structural analyses, where the numerical mesh moves and deforms 
with the material. The Eulerian description is well suited for situations involving 
extreme material deformations, such as those occurring in fluid flow, since the 
problems with mesh distortion can be avoided. However, additional 
considerations are needed in the Eulerian method to compute the motion of 
material boundaries, and the resulting description of the material boundaries is 
usually less accurate than in the Lagrangian method. 
 
In Abaqus, the tracking of the material boundaries is based on the Volume-Of-
Fluid (VOF) method, which is commonly used in CFD calculations of free-
surface or multi-material flows. In the method, the material is tracked as it flows 
through the mesh by computing the volume fraction of the material in each 
element. The Eulerian material can also interact with the Lagrangian structural 
elements, resulting in a coupled Eulerian-Lagrangian (CEL) analysis; this analysis 
method can be used for modeling FSI. 
 
In this work, we perform calculations of the bubble collapses by using one-
dimensional spherically symmetric models and two-dimensional axisymmetric 
models. The ideal gas law is employed for the non-condensable gas in the bubble 
and a linear equation of state is used for water. The Eulerian method uses explicit 
time integration and hence time step needs to be quite short in the simulations. 
The calculations are computationally quite expensive and hence no three-
dimensional models were used at this stage. 
 
In the experiments by Puustinen (2006), even small amounts of air among the 
steam have suppressed the waterhammer loads due to the condensing bubbles. 
With mass fractions of about 1 %, the loads were still visible but the non-
condensable gas had an effect on them. At mass fractions of 3 %, the damping of 
the waterhammer loads was practically complete. Therefore, interest in this work 
is in situations where the mass fraction of air is in the range of 0 … 3 %. 
Assuming a total pressure of 1 bar, this corresponds to partial pressures of air of 
about 0 … 1900 Pa. 

3.2.1 Comparison of 1D and 2D models 

We first compare pressure loads obtained for a collapse of spherical bubble in 
infinite fluid by using one- and two-dimensional models. In addition, results 
obtained by using the conventional Lagrangian stress-displacement elements and 
a one-dimensional model, as in the earlier calculations of Pättikangas et al. 
(2011), are included for comparison. In the earlier calculations, the Lagrangian 
method was validated against analytical solutions for situations where water may 
be assumed incompressible. 
 
The initial radius of the bubble was set to 83 mm, which has the same volume as a 
toroidal bubble with dimensions R = 110 mm and r = 47 mm (see Figure 9). This 
bubble size is based on the average size of the four experimentally observed 
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bubbles. Meshes of the Eulerian models are shown in Figure 18. Element size in 
the bubble is about 2 mm for the coarse 1D mesh and for the 2D mesh. For the 
fine 1D mesh, element size is 0.1 mm at the bubble center and 1 mm at the bubble 
outer edge. Initial pressure in water was set to 1 bar and for air in the bubble to 
500 Pa or 2000 Pa. Initial temperature was set to 20 ºC. This corresponds to a 
situation where a small amount of non-condensable gas has been left in the 
bubble. 
 
Pressure signals 200 mm from the bubble center are presented in Figure 19 and 
Figure 20. All models yield approximately the same results for the first phase of 
the collapse, but large differences exist in the peak amplitude for the case with 
lower initial pressure. The differences between the models diminish when the 
initial pressure is increased, i.e. when the non-condensable gas limits more the 
increase of water velocity in the final phase. The meshes need to be quite fine 
with a low initial pressure, since then the bubble size at the end of the collapse 
becomes small and the pressure pulse becomes sharp. The one- and two-
dimensional Eulerian calculations yield approximately similar results with similar 
mesh densities. The hump in the Lagrangian calculation results from the bubble 
surface “bouncing” back after the collapse (see Pättikangas et al., 2011); although 
the Eulerian calculations behave similarly the hump is for some reason not shown. 
 
 

 
Figure 18. One- and two-dimensional Eulerian FEM meshes of a spherical bubble. Initial 

volume fractions of air and water are shown with blue and red, respectively. 
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Figure 19. Pressure 200 mm from the bubble center for a spherical bubble. The bubble initial 

pressure is 500 Pa. 

 
Figure 20. Pressure 200 mm from the bubble center for a spherical bubble. The bubble initial 

pressure is 2000 Pa. 

3.2.2 Comparison of spherical and toroidal bubbles 

In the following, comparisons are made for the collapse times and pressure loads 
resulting from the collapses of spherical and toroidal bubbles in infinite fluid. The 
two-dimensional Eulerian mesh with a toroidal bubble at the vent pipe outlet is 
shown in Figure 21. Here the same initialization is used in the bubble and in the 
vent pipe. 
 
The collapse of a spherical bubble in infinite incompressible fluid and having 
constant pressure difference can be solved analytically (see e.g. Pättikangas et al., 
2011). The collapse time is 
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where R0 is the initial bubble radius,  is the fluid density and pB is the pressure 
difference. The pressure difference is pB = p  - pB, where p  is pressure far away 
from the bubble and pB is pressure in the bubble. Earlier calculations (Pättikangas 
et al., 2011) have shown that the collapse time is practically unaffected by the 
water compressibility, although the compressibility has a large effect on the 
resulting pressure load. This is because the water velocity grows large only at the 
late phase of the collapse. Therefore, we compare the collapse times of the 
toroidal bubble against the analytical solution of the spherical bubble. 
 
In Figure 22, the collapse time is plotted as a function of the pressure difference. 
For the toroidal bubble, values R = 110 mm and r = 47 mm were used based on 
the four experimental bubbles. The radius of the spherical bubble was set 
accordingly to R = 83 mm, i.e. so that the both bubbles have equal volumes. It is 
seen that the collapse times are approximately equal for the both bubbles in spite 
of their differing shapes. 
 
In Figure 23, the collapse time is plotted as a function of effective bubble radius. 
Here the effective radius is defined as the radius of an equivalent spherical bubble 
having the same volume as the toroidal bubble in question. The different sized 
toroidal bubbles were obtained by linearly scaling the FEM model, as is shown in 
Table 2. The pressure difference was set to pB = 1 bar. It is seen that also in this 
case, the collapse times of the bubbles are quite similar. The collapse time 
depends linearly on the (effective) bubble radius also for the toroidal bubble. 
 
The effect of bubble initial pressure on the pressure pulse is studied in Figure 24 
to Figure 26 by using initial pressure of 1 bar in the water. Note that in Figure 24, 
pressure is presented at the sensor P5 for the torus and for the sphere 200 mm 
from the bubble center, where the pressure amplitude is about the same as for the 
torus. It is seen that the pressure load depends similarly on the bubble initial 
pressure in both cases. Further away from the bubble, the both cases yield about 
the same pressure load when the initial pressure is above 5000 Pa. With lower 
initial pressures, the pressure pulse gets too sharp for the meshes away from the 
bubble and numerical diffusion affects the results considerably. Based on Figure 
24, the pressure load 1 m from the bubble would be about the same also with 
lower initial pressures for the sphere and for the torus. The pulse width was 
determined approximately from the pressure signals and is about the same for 
both cases with different initial pressures. 
 
The effect of sound velocity in water on the pressure pulse is studied in Figure 27 
and Figure 28 by using initial pressure of 1 bar in the water and void initialization 
in the bubble. Here pressure is presented at the sensor P5 for the torus and 200 
mm from the bubble center for the sphere. It is seen that the pressure amplitude 
depends linearly on the sound velocity in both cases. The pulse width grows for 
the both cases as the sound velocity is decreased and becomes clearly longer for 
the sphere when the sound velocity is low. 
 
In Figure 29 and Figure 30, the pressure pulse amplitude and width are plotted as 
functions of the effective bubble radius. Here initial pressures 1 bar and 2000 Pa 
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were used in the water and in the bubble, respectively. Four different sizes were 
calculated as shown in Table 2. For the torus, pressure is presented at a location 
corresponding to the sensor P5, but note that also this location is scaled along the 
system dimensions. For the sphere, pressure is presented accordingly 100, 200, 
400 and 800 mm from the bubble center. Firstly, the pressure amplitude is 
constant which means that the peak volume acceleration grows linearly as the 
system scale is increased; this is consistent with the earlier one-dimensional 
calculations by Pättikangas et al. (2011). Secondly, as for the collapse time, also 
the pulse width depends linearly on the system scale. 
 

Table 2. Dimensions of four toroidal bubbles. R and r represent the vent pipe radius and tube 
radius of the torus, as shown in Figure 9. 

R [mm] r [mm] Reff [mm] 
55 23.5 41 

110 47 83 
220 94 166 
440 188 332 

 
 

 
Figure 21. Axisymmetric mesh with a toroidal bubble at the vent pipe outlet. 
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Figure 22. Bubble collapse time as a function of pressure difference. 

 

 
Figure 23. Bubble collapse time as a function of effective radius. 
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Figure 24. Effect of bubble initial pressure on pressure amplitude at sensor P5 (torus) and 

200 mm from bubble center (sphere). 

 
Figure 25. Effect of bubble initial pressure on pressure amplitude 1 m from bubble. 

 
Figure 26. Effect of bubble initial pressure on pressure pulse width. 
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Figure 27. Effect of sound velocity in water on pressure amplitude at sensor P5 (torus) and 

200 mm from bubble centre (sphere). 

 

 
Figure 28. Effect of sound velocity in water on pressure pulse width. 
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Figure 29. Pressure amplitude as a function of effective radius. Note that the monitoring 

location is scaled along the system dimensions. 

 

 
Figure 30. Pressure pulse width as a function of effective radius. 

3.2.3 Modeling of the PPOOLEX facility 

The axisymmetric Eulerian model of the PPOOLEX facility is shown in Figure 
31. The dimensions of the model correspond to the real pool, but the vent pipe has 
been here assumed at the center of the pool due to the axisymmetry. The drywell 
and wetwell gas spaces are separate as in the experiments. Here we initialize for 
simplicity void for the gas in the bubble, in the vent pipe and in the drywell. Same 
constant pressure is initialized in the water and in the wetwell gas space. The 
initial size of the bubble at the vent pipe outlet was chosen based on the average 
value of the four experimentally observed bubbles. Referring to Figure 9, the 
initial dimensions of the bubble are R = 110 mm and r = 47 mm. 
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Figure 32 shows calculated pressures at the sensor P5 for three different initial 
pressures in the wetwell: 0.25 bar, 0.5 bar and 1 bar. These pressures are also the 
pressure differences causing the collapse, since the bubble has been assumed to 
consist of void. Firstly, it is seen that the collapse times are about 15 ms, 11 ms 
and 7.6 ms, which are quite close to the experimental value of about 10 ms. 
Secondly, the pressure peaks are considerably higher and sharper than in the 
experiments. The duration of the pressure peaks is only about 0.05 ms, compared 
to the experimental value of about 1 ms. The amplitude of the pressure peaks is 
about an order of magnitude too high. Comparison of the calculated and 
experimental collapse times indicates that the pressure difference used in the 
calculations is approximately correct. 
 
The experiments indicate that the pressure difference causing the collapse grows 
gradually, as shown in the under-pressure phase of pressure P5 in Figure 12. This 
is due to the finite condensation rate of steam in the bubble. Giencke (1981) notes 
that a linearly varying pressure difference has been observed experimentally and 
uses linear and quadratic pressure differences in analytical calculations of the 
bubble collapse. Below we make calculations with the PPOOLEX model by using 
linear and quadratic pressure differences: 
 
  tCp lB          2tCp qB  
 
where Cl and Cq are constants which determine the rate of the pressure difference 
growth. Here the pressure difference is pB = p0 - pB, where p0 is pressure in the 
wetwell gas space and pB is pressure in the bubble. The pressure in the wetwell 
gas space is taken here as constant. The constants Cl and Cq are iterated manually 
so that the experimentally observed collapse time results. 
 
Calculated pressure signals at the sensor P5 are shown in Figure 33 and Figure 34 
for the linear and quadratic cases with two different values of the constants. The 
calculated pressures are compared with the experimental ones in Figure 35 for the 
cases where the constants have been iterated to give the correct collapse time. 
Here we consider only the under-pressure phase since the calculated over-pressure 
peaks tend to become much higher than in the experiments. Note that the 
calculated pressures have been offset so that the initial pressure level is the same 
as in the experiments, i.e. about 2.8 bars. This is the largest possible pressure 
difference in the experiments. 
 
Overall, the linear pressure difference case is closer to the experimental data. For 
the quadratic case, the pressure difference becomes too high in the late phase of 
the collapse, although the shape of the pressure signal for the early phase is better 
represented than for the linear case. It should be noted that the sensor P5 lies close 
to the vent pipe outlet and the pressure amplitude is hence quite sensitive to the 
exact sensor location. Also, the initial bubble volume may be in the calculations 
somewhat larger than is on the average for the four experimental bubbles, since 
the bubble surface is quite rough in the experiments (see Figure 10). 
 
There are several possible reasons for the low and wide experimental pressure 
peaks. Firstly, the bubble shapes are fairly irregular and there is usually some 
difference in the duration of the collapse around the circumference of the vent 
pipe. When the collapse occurs at slightly different instants of time around the 
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circumference, energy released in the collapse is spread along a wider time span. 
Secondly, the bubble may in reality break into a two-phase mixture, especially in 
the late phase of the collapse, which would soften the water-hammer. As shown in 
Figure 11, the bubble surface appears to be very irregular right at the time of the 
collapse. Thirdly, non-condensable gas left from the condensed steam may lower 
and broaden the pressure peaks, although the experiments (Puustinen, 2006) and 
present calculations indicate that the amount of non-condensable gas is too small 
to cause such a large difference. Fourthly, there may be a significant amount of 
steam left in the bubble in the important final phase, which could soften the water-
hammer considerably. The results shown in Figure 35 indicate that absolute 
pressure inside the bubble is at minimum as high as about 1 bar, which in turn 
indicates that there is a significant amount of gas left in the bubble. The 
condensation rate may not be large enough in the final phase to condense out all 
of the steam before the moment of maximum volume acceleration, since in the 
final phase flow velocity near the bubble grows quite large and the bubble 
becomes small. The possible rise of steam pressure in the final phase could not be 
taken into account in the present calculations. 
 
 

 
Figure 31. Axisymmetric Eulerian model of the PPOOLEX facility. Mesh near the vent pipe 

outlet and location of the P5 sensor is shown on the right. 
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Figure 32. Pressure P5 calculated with different constant pressure differences (  pB = 1 

bar, pB = 0.5 bar, pB = 0.25 bar). 

 

 
Figure 33. Pressure P5 calculated with linear pressure difference (  P5 Cl = 100 bar/s,  P5 

Cl = 200 bar/s, --- pB Cl = 100 bar/s, --- pB Cl = 200 bar/s). 

 
Figure 34. Pressure P5 calculated with quadratic pressure difference (  P5 Cq = 20000 
bar/s2,  P5 Cq = 30000 bar/s2, --- pB Cq = 20000 bar/s2, --- pB Cq = 30000 bar/s2). 
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Figure 35. Measured and calculated pressure P5 in PPOOLEX experiment COL-01 (  

Bubble 1,  Bubble 2,  Bubble 3,  Bubble 4,  linear Cl = 185 bar/s, --- quadratic Cq = 
40800 bar/s2). 
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4 Analysis of the desynchronization of bubble collapses 

4.1 Comparison between visual observations and measured 

pressures 

The behavior of a pressure suppression containment of a BWR is studied with the 
help of experiments performed at the Lappeenranta University of Technology 
with the PPOOLEX facility. PPOOLEX is a scaled-down two-compartment 
model of a pressure suppression containment of a BWR. The focus of this study 
was the experiment PAR-10, in which steam is discharged through two parallel 
blowdown pipes into the condensation pool filled with sub-cooled water.  The 
high speed video footage covers time span 500 - 530 s, during which chugging 
took place. The purpose was to compare the measured pressure data to the 
visually observed behavior. More detailed description of the experiment PAR-10 
is presented by Puustinen et al. (2011). 
 
The PPOOLEX test facility and the locations of the pressure gauges are presented 
in Figure 36. The pressure gauges P1 and P21 are placed at the same height inside 
the blowdown pipes, whereas pressure gauge P6 is located at the bottom of the 
pressure vessel. From this on, the pipes containing pressure gauge P1 and pressure 
gauge P21 are referred to as pipe 1 and pipe 2 respectively.  The pressure-time 
history from pressure gauges P1, P21 and P6 are presented in Figure 37, Figure 38 
and Figure 39 respectively. Every time an incident was observed in the video at 
the pipe outlet, the time was marked down and the event was described. All 
observed events are marked as red dots in the figures. When a large toroidal steam 
bubble formed at the pipe outlet, which rapidly condensed, the event was 
considered as clear chugging event. Those events are marked as white dots in the 
time-pressure histories. Pipe 1 is located at the background in the video image, 
which made the interpretation of events in the pipe1 slightly more difficult.  This 
explains why some events taking place at the outlet of pipe 1 are not observed, 
whereas nearly all pressure fluctuations are observed as events at the outlet of pipe 
2. The pressure gauge P6 is at the bottom of the pool, hence the measured 
pressure is affected largely also by the movement of the pool structure. 
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Figure 36. Location of measuring instruments (Puustinen et al., 2011). 

 
 

 
Figure 37. Time-pressure history from pressure gauge P1. 
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Figure 38. Time-pressure history from pressure gauge P21. 

 

 
Figure 39. Time-pressure history from pressure gauge P6. 

 
By looking at the figures, one may conclude, that the times of the observed events 
match quite well to the measured pressure fluctuations.  The time of the incident 
in the video cannot be determined as accurately as the pressure fluctuation in the 
data, which might explain the small differences in time between observation and 
measured pressure peak.  The following conclusions were made from the 
observations: 

 High pressure peaks in pipe 1 or pipe 2 are not necessarily observed as 
clear chugging events and events marked as clear chugging events do not 
necessarily produce large pressure peaks. 
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 In the large scale, the events tend to occur at the same time in both pipes. 
Additionally, events that are considered clear chugging events occur 
simultaneously.  

 Almost every time that chugging is observed, relatively intensive pressure 
fluctuation is measured at the pool bottom, but peaks may occur even if 
chugging is not observed. 

 
Events that were observed, but not marked as clear chugging events comprise of 
events during which bubble was observed to penetrate from the pipe outlet, but 
either it did not condensate rapidly, but slowly withdrew back in to the pipe, or it 
occurred in the form of condensing of many small bubbles.  Some events were 
observed only as blasts inside the pipe after which water advanced rapidly from 
the pipe, leaving the pipe to vibrate. This kind of events produced the largest 
pressure peaks, which can be explained by the fact that  in this case the 
condensation has taken place in the pipe, causing the water that  fills the void to 
flush in the direction of the pressure gauge.  

4.2 Desynchronization of chugging between two vent pipes 

The desynchronization of chugging between two pipes was studied by examining 
the measured pressures in pipe 1 and pipe 2. Chugging initiated approximately at 
time t = 500 s and pressures were measured up till t = 955.4995 s. The measuring 
frequency was 2000 Hz, i.e. pressure was measured between every 0.0005 
seconds. Times of pressure peaks were carefully determined from both pipes.  
Chugging phase is distinguishable in most pressure peaks. It is characterized by 
pressure decrease, meaning that the bubble is collapsing and thus sucking water 
towards its center. This phase is followed by sudden increase in pressure, resulting 
from the rapid deceleration of the water volumetric flow. However the shape of 
some pressure fluctuations was such that the time of peak under pressure followed 
by peak pressure was not distinguishable and hence the desynchronization time 
between two pipes could not be determined. On the basis of visual examination of 
high-speed video footage and pressure measurement, the blurred events in the 
time-pressure events are due to the fact that the steam bubble actually consists of 
many toroidal shaped bubbles which do not condense simultaneously, but the 
chugging phase is divided into partial condensations of the bubble.  In some rare 
cases, pressure fluctuation took place at one pipe while the pressure in the other 
pipe was relatively steady. Obviously in this case the desynchronization time was 
not determined. Example of this kind of case is presented in Figure 40 and an 
example of two distinguishable chugging events is presented in Figure 41. Only 
events where desynchronization time could be clearly determined were selected 
for the statistical examination of the variation. 
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Figure 40. Example of a case where desynchronization time was not determined. 

 
 

 
Figure 41. Example of a case where desynchronization time between chugging 

events could be determined. The blue and red dot indicate the time of peak under 
pressure. 

 
In the end 120 pressure fluctuation events were determined from the time-pressure 
history of pipe 1 and 144 events from pipe 2. Out of these events 58 pairs of 
events were selected for the statistical determination of the desynchronization 
time. 
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The peak underpressure was assumed to represent the time of bubble collapse and 
therefore the desynchronization time of chugging was determined as the 
difference in time between peak under pressure occurrences of the two pipes. The 
desynchronization time in the case presented in Figure 41 would simply be: 
 
  121 ppds ttt , 
 
where dst  is the desynchronization time, 21pt  is the time of peak under pressure 
in pipe 2 and 1pt is the time of peak underpressure in pipe 1. 
 
Figure 42 presents the desynchronization histogram. The desynchronization times 
are divided into 8 classes with same width. For instance the desynchronization 
time for six events ranged from -26.25 ms to -12.75 ms whereas 18+18 events 
occurred for which the desynchronization time varied between -12.75 ms and 
14.25 ms. The standard deviation of desynchronization was determined to be 
38 ms.  
 

 
Figure 42. Histogram of desynchronization of time of peak underpressure. 

 

4.3 Comparison between earlier experiments 

Kukita and Namatame (1985) have studied the desynchronization in a full-sized 
seven-vent-system performed with JAERI test facility (Namatame et al., 1980). 
They analyzed altogether 980 chugging events from 23 test runs. In a seven-vent 
system a mean desynchronization time was determined for each chugging event. 
In this case chugging event consists of chugging in seven different pipes. The 
desynchronization time was then computed by determining the difference in time 
between individual chugging event and mean value. This differs somewhat from 
the desynchronization time definition used in this study. As only two pipes exist 
in experiment PAR-10, no mean value is computed and the desynchronization 
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time is the time difference between two peak under pressures. The standard 
deviation for all chug-events in the study performed by Kukita and Namatame 
(1985) was found to be 82 ms and for large chugs, for which the pool boundary 
load amplitude was larger than 10 kPa, the standard deviation was 42 ms. This is 
logical, since more synchronous chug events cause larger pool boundary loads.  
To make the standard deviation determined in this study comparable to the one 
obtained by Kukita and Namatame (1985), a mean time for each chugging event, 
consisting of chug-event at two pipes, was also determined and desynchronization 
was determined as time difference between mean value and individual chug-event.  
Hence the standard deviation for the desynchronization time in this study would 
be 13.6 ms, which is less than half of the standard deviation of large chugs in the 
seven-vent large-scale test.  It seems logical that the desynchronization time is 
shorter for the smaller-scale PPOOLEX experiment. In the PPOOLEX facility, 
distance between the pipes is about 0.5 m, whereas in the JAERI facility the 
shortest distance is about 1.2 m and the longest about 4.7 m. The vent pipe 
diameters are about 0.2 m and 0.6 m for PPOOLEX and JAERI, respectively. 
Also the different number of pipes and different geometry may affect the 
desynchronization behaviour. Furthermore, it has to be kept in mind that the data 
from which Kukita and Namatame (1985) derived the results are from several 
different experiments with different test parameters. 

5 Preliminary FEM calculations of chugging in a BWR 
containment 

A finite element model of the whole containment was utilized in the attempt to 
model the effect of desynchronization. The analyses were carried out using 
implicit dynamic and modal dynamic analyses. The implicit dynamic analysis is 
expensive, since a set of non-linear dynamic equilibrium equations are solved at 
each time increment. The modal procedure (transient modal dynamic analysis in 
Abaqus) gives the response of the model as a function of time on a given time 
dependent loading (Abaqus, 2010). The response is based on a subset of the 
eigenmodes of the system, which are first computed. The modal amplitudes are 
integrated through time and the response is formed from the computed modal 
responses. In the case of linear systems, the modal dynamics procedure is less 
expensive than the direct integration of the entire system. The drawback of the 
modal dynamic procedure is that it does not support material damping in the case 
of coupled acoustic-structural analysis. Additionally, the sufficient number of 
eigenmodes to be extracted and used in the computation of the response of the 
structure is a matter of judgement on behalf of the users. Insufficient amount of 
computed eigenmodes will affect the accuracy of the computation. 

5.1 Acoustic-structural analysis 

The containment is meshed using 8-noded linear hexahedron elements, with 
reduced integration, whereas the upper and lower part of the water is meshed with 
acoustic 8-noded linear brick and 4-noded linear tetrahedron elements 
respectively. The number of modes to be computed and utilized and highest 
frequency of interest was set to 1000 Hz and 500 Hz respectively in the analyses 
using modal dynamics procedure. The relations of the sum of effective masses to 
the mass of the containment to x-, y- and z-directions were above 0.8 in all 
considered cases. At high mode numbers the effective masses were significantly 
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low compared to the mass of the containment, hence it was assumed that the 
number of extracted modes was sufficient. As mentioned in the report by 
Björndahl and Andersson (1998) the speed of sound in the water may vary from 
450 m/s to 1280 m/s. This affects the acoustic pressure loading caused by 
chugging. Hence three different cases were considered were the speed of sound in 
water in case 1, case 2 and case 3 are 500 m/s, 1000 m/s and 1491 m/s 
respectively. In order to compare the effect of desynchronization, an analysis 
(case 4) where all the bubbles collapsed at the same time, was performed. The 
speed of sound in the water in case 4 was 1491 m/s and the analysis was 
performed with the modal dynamics procedure. The speed of sound in the water 
was adjusted by changing the bulk modulus of the water while keeping the water 
density constant. The finite element model of the containment is presented in 
Figure 43 and Figure 44 and the material properties in Table 3. Steel rebars are not 
included in the concrete and only upper part of the RPV contains steel, hence the 
material damping of steel is not of great importance. The Rayleigh damping for 
concrete with respect to frequency is presented in Figure 45. 
 

 
Figure 43. Finite element model of 

containment. 
 

 
Figure 44. Cross-section of the 

finite element model. 
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Table 3. Material properties. 

property Concrete Steel Water
Damping
Alpha 5.8900 4.7120
Beta 9.9470E-05 7.9580E-05
Composite 0 0
Structural 0 0
Density [kg/m3] 2 400 7 850 1 000
Young's Modulus [MPa] 39 000 200 000
Poisson's Ratio 0.17 0.30
Bulk Modulus [Mpa]
CASE1: speed of sound in water 500m/s - - 250
CASE2: speed of sound in water 1000m/s - - 1000
CASE3: speed of sound in water 1491m/s - - 2 224
CASE4: speed of sound in water 1491m/s - - 2 224

Material
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Figure 45. Rayleigh damping for concrete. 

5.2 Load description 

The loading in the finite element analyses is created as inward volume 
acceleration, as used and described in the previous studies by Pättikangas et al. 
(2011). There are sixteen blowdown pipes located at the BWR containment. An 
attempt was made to model the effect of desynchronization of chugging by 
determining the time of initiation for chugging for each pipe separately. The 
number and location of each pipe is presented in Figure 46. 
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Figure 46. Location and numbering of the blowdown pipes. 

 
The desynchronization time was taken into account by creating a normal 
distribution with mean value being zero and standard deviation 0.042 s as reported 
by Kukita and Namatame (1985) for large chugs in seven-vent large-scale test. 
The standard deviation determined by Kukita and Namatame (1985) was assumed 
to be more representative for BWR containment with 16 blowdown pipes, than 
the standard deviation of 0.038 s as determined in the two-vent pipe test PAR-10.  
Out of this distribution, sixteen initiation times were determined using Matlab’s 
random-function, which gives randomly selected values out of given distribution. 
The normal distribution descripting the desynchronization time and determined 
chugging initiation times are presented in Figure 47. The initiation times were 
then shifted so that the first chug event takes place at t = 0 s.  
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Figure 47. Normal distribution for desynchronization time and randomly selected 

initiation times. 
 
The shape of the inward volume acceleration including the low-pressure phase 
was determined from a representative chug event in experiment  COL-01 , but the 
length was scaled up to match the length of a representative chug event in the 
seven-vent test reported by Kukita and Namatame (1985). In a single-vent test 
COL-01, the time from steady state to peak value was approximately 0.01 s, 
whereas in the seven-vent test the time corresponding to same event was 
approximately 0.15 s. Since the finite element model is linear, also the maximum 
amplitude was scaled down to one, in order to make further adjustments to the 
maximum load amplitude possible. For instance, if one was interested about the 
displacement in the containment with inward volume acceleration amplitude p, 
one would only have to multiply the displacement values obtained with the 
current model by the factor p. The scaled inward volume acceleration for 
individual chugging event is presented in Figure 48. The times of initiation and 
inward volume acceleration for 16 bubbles forming at 16 different pipes are 
presented in Figure 49. 
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Figure 48. Volume acceleration for bubble collapses. 

 
 

 
Figure 49. Inward volume acceleration and time of initiation for all 16 pipes. 
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5.3 Results and discussion 

The maximum von Mises stresses for each case are presented in Table 4. 
 
Table 4. Maximum von Mises stresses. Note that the normalized loading has been 
used and the absolute values are hence not realistic. 

Analysis type CASE maximum von Mises stress [Pa]
modal 1 3064
implicit 1 2233
modal 2 2718
implicit 2 2047
modal 3 3462
implicit 3 2566
modal 4 7061  

 
Maximum von Mises stresses at the wet well wall and their time of occurrences in 
cases 1, 2 and 3 are presented again in Figure 50, where also the inward volume 
accelerations of the bubbles are reshown. The dark blue, red and grey markers 
present the results obtained from analysis where the speed of sound in the water is 
500 m/s, 1000 m/s and 1491 m/s, respectively. The stresses obtained from implicit 
analysis procedure are presented with round markers and the results from modal 
dynamics procedure with square shaped markers.  
 

 
Figure 50. Maximum von Mises stresses at the wet well wall and loading with 

respect to time. 
 
It is seen that the time and magnitude of maximum stress varies from one analysis 
to another. The stresses are higher in the analyses performed with modal 
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dynamics procedure, which is assumed to result from the absence of material 
damping, but was not verified in this study. As the speed of sound in the water 
was altered, also the time of occurrence, location and magnitude of maximum von 
Mises stress changed. The locations where the maximum von Mises stress 
occurred were not altered by chosen analysis method and are presented in relation 
to pipe locations in Figure 51 to Figure 53. The pictures present a horizontal cut-
through from the containment above the water level of wet well. The locations 
pointed out with red arrows are not in the plane of the figure, but are located 
under the water surface. In cases 2 and 3 the location of occurrence of maximum 
von Mises stresses can be explained by comparing the location in relation to pipe 
positions and the time of initiation of chugging for each pipe presented in Figure 
50. In case 3, chugging has taken place in pipes 9, 10, 12 and 13 before the 
maximum stress occurred. Respectively, in case 2, chugging has taken place in 
pipes 2 and 4 just before the occurrence of maximum stress. Loading in pipes 2 
and 4 are most synchronized, the time difference between amplitudes being only 
0.002 s. The distance between the pipes and the speed of sound play a role here. 
Regardless of the longer distance, apparently bubble collapse taking place at pipes 
9 and 13 contribute to the loading experienced by the element where the 
maximum stress occurs due to the higher speed of sound in case 3. In case 1, the 
maximum value does not occur simultaneously with any chugging event. Because 
the speed of sound in water in this case was only 500 m/s, the structures response 
is not as immediate as in the case of higher speed of sound, the location and time 
of occurrence becomes harder to explain and to predict.  Vertical cross-section of 
the lower part of the containment is presented in Figure 54, where deformation 
(multiplied by 1.7·106) at the pool boundary in case 3 at the time of occurrence of 
maximum von Mises stress can be observed. The outer wall has bulged due to the 
pressure wave, causing compression at the inner side of the wall and 
correspondingly tension at the outer side of the wall. 
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Figure 51. Location of maximum von Mises 
stress in relation to pipes in case 1. 

 

Figure 52. Location of maximum von Mises stress in  
relation to pipes in case 2. 

 

 

Figure 53. Location of maximum von Mises 
stress in relation to pipes, in case 3. 

 

  

Figure 54. Vertical cross-section of the 
containment at the time of occurrence of 
maximum von Mises stresses at the pool 
boundary in case 1. 

 
The maximum von Mises stresses in a case were chugging took place 
simultaneously in all pipes was over 0.007 MPa whereas maximum of all analysis 
utilizing desynchronization was found in case 3 using modal dynamics procedure, 
maximum von Mises stress being approximately 0.0035 MPa. It must be pointed 
out again that the absolute values of the stresses are not realistic since the 
normalized loading has been used. In both cases the speed of sound is 1491 m/s. 
Thus the maximum stress in the case were desynchronization was considered was 
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less than half of the corresponding value in an analysis were chugging took place 
simultaneously in all pipes. Both analyses assume that the amplitude of the inward 
volume acceleration is same for all pipes. However measured pressures in tests 
with multiple blowdown pipes indicate non-uniform amplitudes. This implies that 
in addition to considering desynchronization, also variance in the source strength 
might have to be considered. Even though the desynchronization was considered 
in cases 1 - 3, it was considered to be similar in all cases. In order to get more 
realistic picture of the effects of desynchronization, more analyses with 
desynchronization time varying randomly in a given distribution should be 
considered. By verifying the responses given by the modal dynamics procedure, 
the analysis times can be decreased considerably. 

6 Discussion 

The CFD simulation performed for the PPOOLEX experiment PAR-10 show 
some clear differences compared to the experiment. In the simulation, the period 
of chugging is much shorter than in the experiment. The period in the simulation 
is about 0.7 s and in the experiment about 1.7 s. In spite of the changes done in the 
modeling, the condensation seems to be too weak. In the experiment, all the 
condensation occurs near the outlet of the vent pipe or inside the vent pipe. On the 
contrary, in the simulation some condensation occurs in the vapor plume rising 
upwards from the vent outlet. 
 
The differences between the simulation and the experiment are probably caused 
by three main reasons. First, the heat transfer coefficient between liquid water and 
vapor may still be too small. Second, the interfacial area estimated from the 
gradient of the void fraction is probably too small. The product of the heat transfer 
coefficient and the interfacial area determine the condensation rate, and it is 
difficult to distinguish their roles in the experimental result. Third, one can see in 
the experiment that mixing is rapidly increased on the interface of the vapor 
bubble when it starts collapsing at the vent outlet. The role of this increased 
mixing is still not properly taken into account in the present numerical model. 
 
The rapid collapse of a steam bubble was analyzed with the new Eulerian model 
of Abaqus. Bubble collapses giving the largest pressure loads in the PPOOLEX 
experiment COL-01 were analyzed and the computational results were compared 
with the experiment. Pressure pulse calculated by using an axisymmetric model 
became clearly too high and narrow, even though the collapse time was correct. 
There are several possible reasons for the low and wide experimental pressure 
peaks, which were briefly discussed. Although the calculations could not predict 
the over-pressure peaks correctly, they may be suitable for fitting the pressure 
variation inside the bubble to the experimentally observed under-pressure signal 
near the bubble. In this work, constant, linear and quadratic pressure variations 
were tested and fitted to the experimental data. The linear and quadratic pressure 
variations produced fairly realistic results; overall, the linear case was in better 
agreement with the experiments. The pressure variation inside the bubble can be 
used for estimating the condensation rate of steam in future. In addition to 
calculating the PPOOLEX experiment, effect of various parameters, such as the 
system size, on the pressure peak were examined for the spherical and toroidal 
bubbles. Results of these parametric studies can be used for studying more 
thoroughly the scaling of the experimental results to full-scale in future. 
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The desynchronization of chugging events in the two vent experiment PAR-10 
was studied. Statistical distribution of desynchronization was determined from the 
measured pressure data and compared to results obtained in a seven vent pipe 
experiment found from literature. The standard deviation of the desynchronization 
times was found to be 38 ms in this experiment. 
 
The response of BWR containment during desynchronized chugging events and 
with varying speeds of sound was numerically computed using direct time 
integration and modal dynamics procedure available in Abaqus. 
Desynchronization between chugging events was taken into account by 
determining individual time of initiation of chugging for each pipe. Normal 
distribution with zero mean value and standard deviation of 42 ms was created 
and out of this distribution sixteen initiation times were determined using a 
random-function. The shape of the inward volume acceleration was determined 
from a representative chug event in single-vent experiment COL-01, but the 
length was scaled up to match the length of a representative chug event in the 
seven-vent large-scale test found from literature. Stresses obtained using modal 
dynamics procedure were found to be higher than those obtained using direct time 
integration which is assumed to result from the absence of damping in modal 
dynamics procedure, but this was not verified in this study. In addition to time and 
magnitude, also the location of maximum stresses changed with speed of sound. 
When desynchronization was taken into account, highest stresses were obtained 
with highest speed of sound. Preliminary results with modal superposition 
procedure show significant decrease in the loads experienced by the containment, 
when the desynchronization is taken into account. In order to get more realistic 
picture of the effects of desynchronization, more analyses with desynchronization 
time varying randomly in a given distribution could be considered. 
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