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ABSTRACT 
 
 Thermal-hydraulic and aerosol phenomena which occurred in the containment vessel of 
the Phebus integral experimental facility during the first 30000 s of the Phebus FPT1 test 
were simulated with the CONTAIN thermal-hydraulic computer code. A single-cell input 
model of the vessel was developed, and boundary and initial conditions that were determined 
during the experiment were applied. The comparison of experimental and calculated results 
shows that, although the atmosphere temperature was well simulated, the calculated 
condensation rate was apparently too high, resulting in a lower pressure of the containment 
atmosphere. The aerosol deposition process was well simulated. 
 
1  INTRODUCTION 
 
 The aim of the international experimental programme Phebus Fission Product (FP) is to 
study the release, transport and behaviour of fission products and bundle, structure and 
control rod material, from the fuel of a light-water-reactor under severe accident conditions, in 
a scaled reactor circuit and containment building [1]. The reduced volumetric scale factor of 
the Phebus facility (which is located in Cadarache, France), compared to a 900 MW 
Pressurised Water Reactor, is approximately 1/5000. The experimental programme consists of 
six integral in-pile tests, varying the type of fuel, the thermal-hydraulic conditions and the 
physico-chemical environment of the fuel, as well as the configuration of the experimental 
circuit components and the thermal-hydraulic conditions in the containment. 
 The Phebus FPT1 test was carried out in order to study the release of fission products 
and their subsequent transport and deposition in the primary circuit and the containment of a 
pressurised water reactor under low-pressure oxidising or “steam-rich” conditions [2]. In the 
present work, the simulation of containment phenomena during the first 30000 s, which 
include the aerosol phase, of the Phebus FPT1 test with the CONTAIN code is presented. The 
simulation was performed within the participation in the OECD International Standard 
Problem No. 46 [3, 4]. The following calculated time-dependent parameters are compared to 
experimental values: pressure, steam partial pressure, relative humidity, condensate mass, 
condensation rate, atmosphere temperature, as well as aerosol airborne and deposited masses. 
 
2  EXPERIMENT 
 
 The Phebus containment vessel has a cylindrical shape, with a sump at the bottom 
(Figure 1). The approximate internal volume of the vessel is 10 m3. Heat transfer and steam  
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Figure 1: Schematic of the Phebus experimental facility, including the containment vessel [3] 

 
condensation phenomena are simulated by three vertical condensers. The vessel walls are 
slightly superheated in order to prevent steam condensation and to minimize aerosol deposition. 
 At the beginning of the test, the superheated containment atmosphere contained oxygen, 
nitrogen and steam. The experiment began at time 0 s by injecting steam into the pre-irradiated 
test fuel bundle and gradually increasing the core nuclear power, which lead to fuel degradation. 
During the bundle degradation, a significant amount of fission products and bundle, structure 
and control rod material were released in the form of gases and aerosols. These releases were 
transported by steam flow, through the hot leg, steam generator and cold leg to the 
containment vessel. Hydrogen, which was generated during bundle degradation, was also 
conveyed to the vessel. After the cooling of the bundle, the containment vessel was isolated 
from the experimental line at 18660 s and the test continued with an “aerosol phase”. This 
phase was devoted to studying the fission product and aerosol deposition in the containment. 
The overall containment behavior during the test was determined by the injections of steam, 
hydrogen and aerosols, and by the gas-sampling outflow.  
 
3  INPUT MODEL 
 
Containment phenomena during the first 30000 s of the Phebus FPT1 test were simulated with 
the CONTAIN 2.0 thermal-hydraulic computer code [5], which has already been used by the 
authors to carry out simulations of other containment experiments [6]. Most of the unknown 
physical parameters were prescribed to assume the default values used by the CONTAIN 
code. 
 
3.1  Geometric Model  
  
 The containment vessel is modelled as a single CONTAIN “cell”. The internal free 
volume of the vessel is equal to 10.104 m3 [4]. As CONTAIN is a lumped-parameter code, a 
simple geometrical configuration is used to model the vessel. Table 1 provides internal 
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horizontal cross-sections of the vessel cell between different vertical levels. The region 
between elevations 0.0 and 0.5 m corresponds to the sump. 
 The surfaces of the wet parts of the condensers are assumed to be painted [2], with a 
heat transfer coefficient equal to 2000 W/m2·K. The maximum thickness of the condensate 
film on heat structure surfaces is 0.5 mm. The excess condensate is transferred to the liquid 
pool on the cell floor (which models the sump). The sump wall and the bottom lid are the only 
heat structures that may be submerged partially or totally in the liquid pool. 

 
Table 1: Geometric configuration of the containment cell 

 
Elevation range 

[m] 
Cross-sectional area 

[m2] 

0 – 0.5 0.268 
0.5 – 5.0 2.216 

 
 
3.2  Physical Modelling  
 
 The following main physical phenomena were taken into account: convective heat 
transfer between the vessel atmosphere and heat structures (walls and condensers), steam 
condensation on structures, aerosol agglomeration and deposition. 
 The aerosol size range was divided into 20 sections, with the particle diameter ranging 
from 1.0·10-7 m to 1.0·10-4 m. An initial log-normal distribution of particle diameters was 
assumed (initial mass median particle diameter: 1.0·10-6 m, initial geometric standard 
deviation: 2.0). As the CONTAIN code allows only a single value for the aerosol density, an 
average value of 12440.0 kg/m3 was calculated, based on the total injected mass of the 
following components: Ag, Re, Cd, Sn, U, Cs, In and Mo [2]. 
 Due to the limitations of the CONTAIN code, the injections of all the aerosol 
components could not be modelled separately. The injections of the following aerosol 
components, which are dominant in the containment, were considered individually [2]: Ag, 
Re, U, In, Cs and Sn. A seventh aerosol component was also prescribed, which encompasses 
all the remaining components. The injection mass flow rate of this component was obtained 
by subtracting the injection mass flow rates of the previously cited materials from the total 
aerosol injection mass flow rate. 
 
3.3  Initial and Boundary Conditions 
 
 The inlet steam (Figure 2) and hydrogen flows and temperatures, as well as the 
sampling flows, were obtained from ref. [2]. 
 The time t = 0 s corresponds to the start of the experiment. The initial conditions of the 
containment atmosphere were [2]: 

• temperature: 382.3 K, 
• pressure: 2.088 bar, 
• mole fractions: steam: 0.354, oxygen: 0.032, nitrogen: 0.614, 
• initial number of moles of oxygen and nitrogen: 424.395. 

 The sump was assumed to be initially filled with 105 l of water at temperature 90 ˚C. 
The initial temperature of the heat structures as well as of the lower cell was assumed to be 
equal to the constant temperatures which they are supposed to assume throughout the 
simulated transient (see Figure 1). 
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Figure 2: Mass flow rate of steam into the containment vessel 

 
4  RESULTS AND DISCUSSION 
 

Figure 3 shows the experimental and the simulated pressure in the containment vessel. 
A very good agreement between the time-dependent patterns may be observed. However, the 
simulated pressure is lower than the experimental one throughout the entire transient, with the 
relative difference never exceeding 8%. Similar discrepancies between the experimental and 
the simulated steam partial pressure (Figure 4) as well as between the experimental and the 
simulated relative humidity (Figure 5) suggest that the difference between the experimental 
and the simulated pressure is mainly due to the low mass of steam in the atmosphere, thus to a 
too high simulated condensation rate. 

Figure 6 shows the experimental and the simulated total condensed masses in the 
containment during the transient. A good agreement may be observed. In the simulation, 
steam condensation on structures occurred on the wet parts of the condensers (more than 
96%) and on the sump wall (less than 4%). 

Figure 7 shows the experimental and simulated condensation rates during the transient. 
The simulated condensation rate was obtained from the cumulative total mass of condensate 
in the containment, shown on Figure 6. The experimental condensation rate was originally 
calculated from level measurements in condensate collecting flasks. Due to the irregularities 
of the experimental values, the smoothed experimental condensation rate is more meaningful. 
According to ref. [2] “steam condensation occurred in the containment at the condenser 
level, as expected, i.e. at any time, the steam injected into the containment is condensed on the 
condensers and transferred to the sump; no significant condensation on other containment 
part is suspected”. However, the integral of the experimental condensation rate on Figure 6 
was calculated (by the authors of the present work) as equal to 20.62 kg, which is much lower 
not only than the final value of the total condensed mass reported in ref. [2], but also than the 
sum of the total mass collected in the sump and the mass collected in condensate samples. 
This suggests that the actual condensation rate during the experiment was much higher than 
shown on Figure 7, so that the difference between the smoothed experimental and simulated 
condensation rates should be considered mostly qualitatively. Nevertheless, the difference 
supports the hypothesis, that the main reason for the lower calculated pressure in the 
containment atmosphere is the too high calculated condensation rate. 

Figure 8 shows the experimental and simulated temperature of the containment 
atmosphere. The agreement is quite good. 
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Figure 3: Absolute containment pressure 
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Figure 4: Steam partial pressure in containment 
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Figure 5: Relative humidity in containment atmosphere 
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Figure 6: Total mass of condensate in containment 
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Figure 7: Total condensation rate in the containment 
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Figure 8: Gas temperature in containment atmosphere 
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Figure 9 shows the experimental and simulated total aerosol airborne mass, whereas 
Figure 10 shows the experimental and simulated aerosol deposited mass. As the total aerosol 
injection rate was taken from [2], the sum of calculated aerosol airborne and deposited masses 
should more or less agree with the sum of measured masses (the loss of aerosol mass due to 
the modelling of the gas sampling accounts for 3.0 %). Thus, the good agreement between 
measured and calculated airborne masses is a consequence of the good agreement between 
measured and calculated aerosol deposited masses. Nevertheless, Figures 9 and 10 show that 
the CONTAIN code simulated the aerosol deposition well. Of course, the possibility of 
compensating errors due to many simplifications cannot be ruled out. 

In the simulation, aerosol condensation did not occur due to the superheated atmosphere 
and due to the absence of solubility modelling. This is in accordance with the FPT1 
experimental results. 
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Figure 9: Total aerosol airborne mass 
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Figure 10: Aerosol deposited mass 
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CONCLUSIONS 
 

A simulation of the “containment thermal-hydraulics and aerosol physics” phase (first 
30000 s) of the experiment Phebus FPT1 was carried out with the CONTAIN 2.0 computer 
code. A single-cell input model of the containment vessel was developed. Initial and 
boundary conditions were modelled as described in the Phebus FPT1 Final Report. The 
purpose of the work was to assess the capabilities of the CONTAIN code for modelling 
thermal-hydraulic and aerosol phenomena in a containment atmosphere at accident 
conditions. 

Concerning the thermal-hydraulic conditions in the test vessel, the atmosphere 
temperature was well simulated. The time-dependent pressure pattern was also well 
reproduced. However, the simulated pressure and relative humidity were lower than the 
experimental values, which is probably due to overprediction of steam condensation. 

Concerning aerosol behaviour, the aerosol deposition process was well simulated. 
However, a definitive conclusion on the capability of the CONTAIN code to model aerosol 
behaviour cannot be stated, as the possibility of compensating errors due to many 
simplifications cannot be ruled out. 
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