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1. Abstract -

The aim of this feasibility report is to assess the state of the art 
of the knowledge of the thermal-hydraulic conditions within a light 
water reactor containment in order to determine both the radioactive 
and the non-radioactive aerosol deposition rates during a severe 
reactor accident. The radioactive aerosol in the containment 
atmosphere is, together with the noble gases, responsible for the 
radioactive source term into the biosphere when a containment failure 
occurs. The dominant aerosol removal mechanisms depend strongly upon 
the thermal-hydraulic state of the containment atmosphere. It is 
demonstrated in this report that the thermal-hydraulic state, 
determined by heat sources and the sensible heat transport, is 
predominantly superheated when fission products are released into the 
containment. Hence the thermal-hydraulic conditions are not favorable 
for an intensive bulk condensation onto aerosol particles during an 
essential period of time. 

A station blackout scenario, in which the primary system of the 
considered 500 MHe PWR with a dry cavity is depressurized prior to 
vessel failure, is used as an example to demonstrate this effect. It 
is our opinion that this station blackout scenario is typical for all 
scenarios in which the reactor fails at low pressure (i.e. large break 
LOCA'sJ. The results, obtained with the CONTAIN code, show the 
relevance of the sensible heat transport in the period of time between 
the end of the injection of the steam and fission products into the 
containment (the latter in the form of aerosol and nobel gases) on one 
side and the molten core concrete interaction on the other side. This 
period lasts only about 30 minutes. All considered vari-* s of the 
station black-out scenario, in which the decay heat dissipated in the 
containment atmosphere has been 10% of the total decay heat, indicate 
that the atmosphere becomes super-heated within the 30 minutes. 
Reducing the fraction of the decay heat in the containment from 10% to 
5% increases the time period with saturated conditions. The amount of 
the decay heat released into the containment atmosphere forms the 
major factor determining the thermal-hydraulic state. It influences 
the duration of the bulk condensation period, which in turn has an 
influence on the aerosol deposition. 

As demonstrated, better knowledge of the sensible heat transfer 
coefficient would have only a limited effect on the aerosol deposition 
rate prediction accuracy. Such improvement would fall within the 
uncertainty bounds of the source term. 
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2. Int.iodttCti.oo. 

During the course of a severe nuclear accident the reactor core is 
damaged and fission products are released fro» the fuel rods into the 
reactor coolant system. Due to depressurization of the reactor coolant 
system these fission products are released into the containment atmos
phere (e.g. through the Power Operated Relief Valve, i.e. PORV) in the 
form of aerosol and noble gases. As the accident progresses the bottom 
head of the reactor vessel collapses and, in the case of a dry cavity, 
molten core concrete interaction becomes another aerosol source into 
the containment atmosphere. The depressurization of the reactor 
coolant system as well as the molten core concrete interaction cause a 
pressure and temperature excursion of the containment atmosphere. 
Knowledge concerning the decrease of the aerosol concentration in the 
containment atmosphere, as the accident progresses, allows for a good 
estimation of the release of radioactive aerosol into the environment 
once the containment fails or once containment venting systems are in
itiated. This release is also called the source term. The magnitude of 
the source term is determined by the amount and composition of fission 
products released into the atmosphere at the instant that the 
containment loses its enclosure function. The aerosol content in the 
containment atmosphere is not constant. A number of aerosol removal 
mechanisms causes a decrease of the amount of aerosol in the 
atmosphere in the period between release into the containment 
atmosphere and failure of the containment. There are no mechanisms to 
decrease the amount of noble gases. 

Experiments such as OEMONA [1] have demonstrated that the decrease of 
the aerosol concentration in the atmosphere depends very strongly on 
whether or not water has been condensing onto the aerosol. This 
condensation process, called bulx condensation in this report in 
order to distinguish it from the condensation directly on the surfaces 
of containment structures or pools called wall condensation , is 
basically determined by thermal-hydraulic conditions in the con
tainment . 

Strictly speaking bulk condensation occurs only if the containment 
atmosphere is slightly supersaturated. Subtle deviations from the 
saturation conditions on either side are induced by the sensible heat 
transfer. The subtle deviations from the saturation conditions govern 
the bulk condensation respectively evaporation dynamics. The term 
saturated condition used in this report includes these subtle deviated 
states. Saturated conditions are not sufficient for the occurrence of 
bulk condensation. In addition ongoing removal of a sufficient amount 
of sensible heat is required [2]. The sensible heat is subtracted from 
the atmosphere at the cold surfaces, such as the containment walls and 
the pool. In addition to bulk condensation, condensation occurs 
directly on these cold surfaces too, releasing the condensation (or 
latent) heat. The sensible heat and the latent heat at the cold 
surface is then transported by conduction through the containment 
walls into the environment. 

By bulk condensation is meant here the condensation onto 
aerosol, while «all condensation denotes the condensation onto 
surfaces of containment structures or pools 
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Therefore the aerosol removal rate inside the containment atmosphere 
depends on the sensible heat removal rate from the containment 
atmosphere, provided that the atmosphere is saturated. 

In this report it is examined which containment atmosphere conditions 
can be expected during a severe reactor accident. This is required in 
order to answer the question whether sufficient reasons are present to 
initiate an experimental research program to improve the determination 
of the sensible heat extraction from the containment atmosphere under 
various typical severe accident conditions. 
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3. Problem definition. 

In a severe accident water/steam and radioactive materials enter the 
containment. The resulting high pressure endangers its integrity. The 
amount of radioactive fission products in the form of aerosol and 
noble gases, which are present in the containment atmosphere at the 
instant the containment loses its enclosure function, determines the 
source term. In the period between release into the containment 
atmosphere and failure of the containment this amount reduces due to 
aerosol removal mechanisirs. Therefore it is important to know which 
mechanisms are effective in removing the airborne fission products. It 
is known that the thermal-hydraulic conditions have a strong influence 
on various aerosil removal mechanisms. 

This is concluded from the evaluation of experimental research. The 
DEMOKA (Demonstration of Nuclear Aerosol behavior) [3] experimental 
series has been conducted to demonstrate the natural aerosol removal 
behavior during core melt accidents in LWRs. It is observed, see 
figure 1, that the aerosol concentration decrease over a six hour 
period differs about two orders of magnitudes depending on the 'wet' 
or 'dry' thermal-hydraulic conditions. The difference between these 
conditions is that in the 'wet' case diffusiophoresis, thermophoresis 
and bulk condensation occur in addition to the processes of the 'dry' 
case. The latter case has been carried out under room temperature 
conditions. Particularly the bulk condensation turns out to have a 
great influence on the gravitational settling of the aerosol. The 
'wet' instead of 'dry' conditions significantly decrease the magnitude 
of the source term, provided favorable thermodynamic conditions occur 
for a sufficiently long period. In the design of the DEMONA tests this 
is implicitly assumed. However a literature research has not revealed 
convincing back-up for this assumption. In order to clarify this point 
a further study of conditions occurring during severe accidents is 
required [4]. In this assessment the uncertainty in the governing 
parameters, particularly the heat transfer coefficients, has to be 
taken into account. This is in view of heat transfer coefficients used 
by various computer codes in the C.E.C. bench-mark exercise on the 
DEMONA B3 experiment [5] which differ by a factor of three. 

The present study evaluates the thermal-hydraulic conditions inside a 
containment of a 500 MWe PHR. It further indicates the impact of these 
conditions on the aerosol removal rate. Particularly the influence of 
the heat transfer coefficients is examined. The aim of this feasibi
lity study is to determine whether the present knowledge of sensible 
and latent heat removal from the containment leads to unacceptable 
uncertainty in the estimation of the source term. The underlying 
question is whether research in this field is required in order to 
reduce the source term uncertainty. 
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4. Aerosol nMcreal processes. 

As stated earlier the aerosol removal rate is very strongly influenced 
by whether or not condensation takes place on the aerosol particles. 
In order to address the aerosol removal processes one has to examine 
the aerosol removal mechanisms as well as the thermal-hydraulic 
aspects. 

4.1. Aerosol aspects. 

In general predominant aerosol deposition mechanisms - that is the 
transport of particles to one of the surfaces within the containment, 
to which particles become attached - assumed in source term analyses 
are: 

* gravitational settling, i.e. due to the gravitational effect on 
the mass of the particle the particle will be deposited, this is 
also called gravitational deposition, or sedimentation 16], 

- in the presence of water vapor concentration gradients 
diffosiopooretic deposition, i.e. due to concentration gradients 
where vapor condensates (resulting in positive diffusiophoresis) 
or evaporates (leading to negative diffusiophoresis) producing the 
so called Stefan flow of all components including aerosol 
particles either to the area of condensation (enhancing the 
aerosol deposition) or from the area of evaporation (inhibiting 
the aerosol deposition) (6J, 

- in the presence of a temperature difference between the bulk and 
cold surfaces tbermophoretic deposition, i.e. due to temperature 
gradients, in which the thermal force is considered to be the net 
result of the impulses in the direction of the temperature 
gradient imparted to the particle by impinging molecules [61, 

- impaction, i.e. due to inertia, in which the aerosol, having more 
mass than the surrounding gas molecules, do not follow a changing 
flow direction of the gas and reach a boundary, and 

- diffusive deposition, i.e. due to Brownian motion, the aerosol, 
being homogeneously distributed or not, migrates through a boun
dary layer and by reaching the boundary it sticks to this boundary 
16J. 

Other aerosol deposition mechanisms such as for example due to th*» 
photophoretic and electrophoretic effects are not considered in 
containment accident scenario computer programs such as the CONTAIN 
code [7J. 

Aerosol particles do not have in general the same shape and size. 
Computer codes use either a discrete size distribution bin approach or 
a log normal distribution assumption. 

As far as aerosol interaction processes are concerned, agglomeration-
i.e. that is the process whereby particles collide and stick to one 

another, thus converting two smaller particles into one larger 
particle [8J - is important. The codes take into account the 
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diffusive, gravitational and the turbulent agglo«*erational effects 
(CONTAIN code reference manual [7], MAEROS reference manual [9}). 
Lately the hygroscopic effect is considered of importance. Some 
computer codes are either updated by the user or capable to consider 
the hygroscopic effect (AEROSIM [10], NAQA [11], KAAP [12)). Also 
other codes are implementing the hygroscopic effect (CONTAIN, MAEROS, 
NAOA part of STCP [13]). 

The water condensation onto aerosol or the water evaporation from it 
occurs on a short time scale, i.e. whenever the thermal-hydraulic 
state changes a fast response of evaporation or condensation takes 
place. Considering evaporation and condensation one has to bear in 
mind that the condensation energy respectively evaporation energy is 
given to respectively drawn from the atmosphere. 

Hater vapor may also migrate from one particle to another. These 
processes, i.e. Kelvin and hygroscopic effects, occur on a larger time 
scale. The Kelvin effect causes the small aerosol particles to lose 
water in favor of the larger ones. This is because the saturation 
partial pressure of an aerosol particle with a small radius is larger 
than for an aerosol particle with a larger radius [14], [8]. The 
Kelvin effect is less effective in the case of hygroscopic aerosol. A 
small hygroscopic aerosol particle that has lost water in favor of its 
larger species due to the Kelvin effect has a lower solute 
concentration than the larger aerosol particles. Hence the smaller 
aerosol particles have the potential to attract more solute. 
Consequently in case of hygroscopic aerosol the Kelvin effect is par
tially counter-balanced by the lower solute concentration of the 
smaller aerosol particles [15). The Kelvin and hygroscopic effects 
have an influence on the size distribution of the aerosol. Particular
ly the larger sized aerosol particles will deposit faster and the 
small sized aerosol will deposit slower due to the Kelvin effect. The 
deposition mechanisms like settling, impaction and diffusion are 
strongly dependent on aerosol particle size. 

4.2. Thermal-hydraulic aspects. 

As mentioned in chapter 3 the DEMONA experiments demonstrated a large 
difference in the rate of aerosol concentration decrease depending on 
the 'dry' or 'wet' case. In addition to the aerosol removal processes 
of the 'dry' case the 'wet' case includes diffusiophoresis, 
thermophores!s and bulk condensation. The bulk condensation onto the 
aerosol increases the gravitational settling rate. Particularly this 
mechanism contributed dominantly to the aerosol concentration decrease 
rate in the 'wet' case (2). This section explains what processes 
determine the bulk condensation. 

Injection of steam in a superheated confinement can lead to either an 
increase or decrease of the relative humidity, depending upon the 
composition of the gas vapor mixture in the confinement. At saturated 
conditions injection of steam can lead to either bulk condensation or 
bulk evaporation, again depending on the composition of the gas vapor 
mixture. The superheated conditions correspond with the 'dry' DEMONA 
conditions when thermophoresis is included. The case with bulk 
condensation corresponds with the 'wet' DEMONA conditions, provided 
that the condensation rate is the same as in DEMONA. When evaporation 
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occurs the results will be between the results of the 'dry' and 'wet' 
DEMONA experiments. 

The above paragraph is now explained in a descriptive way rather then 
a mathematical way which can be found in [16]. Consider an adiabatic 
confinement which is filled with superheated steam. When the 
confinement volume is reduced the compression energy is added to the 
steam. This results in a pressure and temperature increase. The 
saturation pressure (a function of the temperature) increases with a 
faster rate then the actual steam pressure. This leads to a decrease 
of the relative humidity. Evaporation should occur whenever the 
initial state is saturated and liquid water is available. The 
alternative for reduction of the volume is the injection of steam into 
a fixed volume. 

Consider now the same confinement, but filled predominantly with a non 
condensible gas and for a small fraction with steam. When this 
confinement is compressed the partial pressure of the steam and the 
noncondensible, as well as the temperature, will increase. But only a 
part of the compression energy is used to heat-up and pressurize the 
steam, because the other part is used to heat up the non condensible 
gas. This results in a faster increase in the partial steam pressure 
compared to the saturation pressure. Hence the relative humidity will 
increase. When the atmosphere before compression is at saturation, 
then bulk condensation occurs during compression. Also here the 
compression can be produced by volume reduction or injection of steam. 

In the non adiabatic situation the same principle holds, but account 
must be given to the sensible heat transport either entering or 
leaving the containment. One of the heat sources during a severe 
nuclear accident is the decay heat from the radioactive noble gases. 
Another source is the decay heat of the fission products in the form 
of aerosol. Aerosol has an influence on the thermal-hydraulic state. 
First of all when aerosol contains fission products, there is decay 
heat which can be represented as a sensible heat source. This heat 
source decreases as the aerosol is removed from the atmosphere by the 
various deposition mechanisms. Secondly the presence of aerosol alters 
the thermal radiation heat transfer between the various structures as 
well as the structures and the atmosphere. Tnirdly the condensation 
onto and evaporation from non hygroscopic < erosol, as well as the 
sorption or release of water from hygroscopic aerosol depends on the 
physical properties and the shape of the aerosol present in the 
atmosphere and influencej the thermal-hydraulic state. In order to 
understand these influences in the analyses given in section 5.2, the 
influence of the sensible heat is analyzed by varying the decay heat 
and the sensible heat transfer coefficient as parameters to the 
reference case studied. 

Within the atmosphere it is possible that latent heat is transferred 
into sensible heat. The way the condensation onto aerosol mechanism 
works is as follows. Sensible heat is being removed from the saturated 
atmosphere, due to the temperature difference between the atmosphere 
and the cool surface of the structures or the pool. This causes a 
temperature decrease. This in turn causes a slightly supersaturated 
atmospheric condition. Hence condensation onto the aerosol will occur. 
Because the aerosol and the liquified water have a very small heat 
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capacity, the energy released during condensation is returned to the 
atmosphere in the form of sensible heat. The condensation energy 
released to the atmosphere partially counter balances the temperature 
decrease. The atmosphere stays saturated [2], 

The opposite can take place too, the water evaporation froa aerosol. 
When airborne aerosol contains water and sensible heat is added to the 
atmosphere (by a heat source or a hot surface) water evaporates from 
the aerosol. Hence sensible heat is drawn from the atmosphere in order 
to provide energy for evaporation. A3 a consequence the atmosphere 
remains saturated until all the airborne liquid water has been evapo
rated. 

The above discussion is applicable to non hygroscopic as well as 
hygroscopic aerosol. In the former case the relative humidity is at 
unity and in the latter case the humidity is lower than unity and 
depends on the hygroscopicity of the aerosol. 

With the above described mechanisms it is cle»r that during the period 
where water interacts with the aerosol in the atmosphere the tendency 
is that the relative humidity remains close to unity in case of non 
hygroscopic aerosol and remains constant and less than unity in case 
of hygroscopic aerosol. Also it is known [14] that the time scale for 
condensation onto and evaporation from aerosol due to atmospheric 
changes is very 3hort. 

Due to heat production in the containment atmosphere and the cooled 
surfaces of the containment, a natural circulation within the 
atmosphere develops, enhancing particularly the sensible and latent 
heat removal during the early stage of a severe accident. Of course 
this has an impact on the aerosol behavior in the atmosphere. 

As is mentioned in this section the transport of sensible and latent 
heat is essential to determine condensation. Hence it is of importance 
whether condensation occurs in the bulk atmosphere and/or in the 
vicinity of the surfaces. This leads to three relevant categories: 
Tl there is neither wall nor bulk condensation; 
T2 condensation occurs at the wall and no bulk condensation i3 

occurring; 
T3 condensation occurs at the wall as well as in the bulk. 

In case no bulk and wall condensation occurs, only corrective heat 
transfer takes place. When wall condensation occurs convective and 
condensation heat transfer towards the wall takes place, whether or 
not bulk condensation occurs. 

The category not mentioned is when bulk condensation occurs and no 
wall condensation process takes place. At a global level this can not 
take place because in that case the wall is warmer then the atmos
phere. Hence a convective heat transfer from the wall to the 
atmosphere takes place. When water is available at the surfaces or in 
the bulk it w;:i evaporate. This case is not further analyzed. 

The division into these groups is made because each group has a 
different effectiveness of each aerosol removal mechanism, i.e.: 
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Tl no wall condensation and no bulk condensation: there is no 
condensation at the walls, hence a mass flux towards the wall and 
consequently diffusiophoresis does not occur, gravitational forces 
and to a smaller extend thermophoretic forces are the main driving 
mechanisms, if water is available on the aerosol it evaporates, 
also if water is on the surfaces it will evaporate, which leads to 
negative diffusiophoresis; 

T2 wall condensation and no bulk condensation: the gravitational 
force can still be the main force acting on the aerosol, a mass 
flux towards the wall enables the diffusiophoretic mechanism to be 
active, thennophoresis occurs; if water is available on the 
aerosol in the bulk it evaporates, water may condensate onto the 
aerosol in the vicinity of the walls, depending on the amount of 
sensible heat transferred from this zone to the walls; also 
compaction of the aerosol moving in and out this boundary layer 
may occur; 

T3 both wall and bulk condensation: gravitational settling may becotne 
very effective, the magnitude of the gravitational settling rate 
depends strongly on the bulk condensation rate. 

The categories are summarized in table 1. 

TABLE 1. The relative importance of the different mechanisms for 
the various thermal-hydraulic states 

thermal-hydraulic state 

wall condensation 
bulk condensation 

deposition mechanism 

gravitation 
diffusiophoresis 
thermophoresis 
diffusion 
photophoresis 
electrophoresis 
inertial deposition 

Tl 

no 
no 

+ 
* 

0 

T2 

yes 
no 

+ 
+ 
0 

T3 

yes 
yes 

+++ 
+ 
0 

Explanation 

+ 

description 

not important 
important 

explanation 

0 
+++ 

description 

moderate 
very important 

by wall evaporation negative diffusiophoresis. 
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5. Doadnant accident scenarios. 

5.1. Accident scenarios from the literature. 

In the literature examples can be found of source term scenarios. Also 
experiments have been performed to examine certain aspects during the 
course of a severe nuclear reactor accident. 

Source term analyses have been carried out for five nuclear power 
plants in the US. There results are documented in NUREG-1150. The 
first draft [17] and the second draft [18] are available. Also in the 
Netherlands work has been performed on source term issues [19]. In 
view of the reconsideration of nuclear power, recommendations have 
been made for improving the safety of the existing power plants in the 
Netherlands [20]. Using these documents an opinion will be developed 
in the next section that in the unlikely event of a severe nuclear 
accident an accident scenario in which the primary system is at low 
pressure prior to vessel failure is the most likely scenario to occur. 
Therefore a station blackout scenario with an action to depressurize 
the primary system is taken as an example to demonstrate the influence 
of various parameters. This is done in the last section of this 
chapter, which relies on work of [4]. This station blackout scenario 
is considered to be typical for all scenarios in which the reactor 
fails at low pressure. 

The BWR reactors are not considered in this report. A reactor vessel 
failure at low pressure will result in a steam injection in the dry 
well. The steam will flow into the pressure suppression pool where it 
will be condensed. Fission products are partially dragged along with 
the steam flow and will also be absorbed in the pressure suppression 
pool. 

Also in the first section the experiments DEMONA [1] and LACE [21] are 
discussed in order to be able to relate the station black out scenario 
with experimental data. 

5.1.1. Source tem analyses. 

In the post TMI-2 accident period a large research program has been 
initiated. The Nuclear Power Plant Severe Accident Research Program 
(SARP), as stated in NUREG-0900 [22] of January 1983, describes one of 
the major research projects initiated by the United States Nuclear 
Regulatory Commission (USNRC). In the abstract of that document is 
stated that SARP provides the technical information necessary to 
support regulatory decisions in the severe accident area for existing 
or planned nuclear power plants, and covers research for the time 
period of January 1982 through January 1986. In July 1986 the USNRC 
published NUREG-0956 [13], Reassessment of the technical bases for 
estimating source terms. In this document the Source Term Code Package 
(STCP) is described as an integral tool to compute the source terms 
for various reactors under various accident initiating conditions. 
This STCP package has been used for the Reactor risk document (NUREG-
1150) [17],[18], in which five nuclear power plants have been analyzed 
in their performance during a severe nuclear reactor accident. These 
plants are: 
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- Surry, a Westinghouse-designed three-loop PKR reactor with a sub-
atmospheric containment; 
- Peach Bottom (P.B.), a General Electric BWR reactor with a Mark I 
containment; 
- Sequoyah (Seq.), a Westinghouse-designed four-loop PWR reactor with 
an ice condenser containment; 
- Grand Gulf (G.G.), a General Electric-designed BWR reactor with a 
Mark III containment; 
- Zion, a Westinghouse-designed PWR reactor with a large, dry 
containment. 

Table 2 lists the mean occurrence per reactor year, which are 
schematically depicted in figure 2 [18] and quantified in figure 3, 
for the various accident scenarios, which are defined as: 

- Station blackout loss of all ac power 
- ATWS transient events with failure of the reactor 

protection system 
- Transients other transients not specified in this overview 
- LOCA's pipe ruptures, reactor coolant pump seal 

failure and failed relief valves, occurring 
within the containment building, 

- Bypass LOCA's that bypass the containment building 
(steam generator tube ruptures and interfacing 
system LOCA's) 

The most probable occurrence for an severe accident in the ZION 
reactor is a failure of the component cooling water system. 

TABLE 2. Mean occurrence of severs accident grouped in categories 
for the 5 US power plants analyzed {18} 

Accident 
sequence 

Station blackout 
ATWS 
Transients 
LOCA's 
Bypass 

Total 

mean occurrence 
(10" per reactor year) 

Surry 

27. 
1.6 
2.1 
6.0 
3.4 

41. 

P.B. 

2.2 
1.9 
.14 
.26 

4.5 

Seq. 

14.6 
1.9 
2.5 
36.0 

.65 

57. 

G.G. 

3.9 
.11 

4.0 

Zion 
* 

340. 

No details given in [18] 

At the time that [17] was published only the large break LOCAs were 
leading to a depressurized vessel pressure prior to vessel failure. 
These numbers are tabulated in table 3. 
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Table 3: Percentage of severe accident where vessel failure 
occurs at low pressure (17] 

vessel failure at low pressure <%) 

Surry 

9.8 

P.B. 

2.0 

Seq. 

5.0 

G.G. 

• 

Zion 

7.4 

No details given in [17] 

Citation draft NUREG-1150 [17] about plant core damage likelihood: 
pg ES-6: "Station blackout and small reactor coolant pump seal 

loss-of-coolant accidents (LOCAs) are often the major 
contributors, and anticipated transients without scram 
(ATWS) and large LOCAs appear to be relatively unimpor
tant. The most significtit factors driving these 
accidents frequencies were found to be particular plant-
specific design of support systems and plant-specific 
common cause failures. Consequently, a determination of 
the significant contributors to severe core damage 
frequency for any plant other than those analyzed would 
require additional plant-specific examination. In 
addition, it was found that the principal accident 
sequences contributing to core melt frequency were not 
necessarily found to be the dominant contributors to 
risk." 

Citation draft NUREG-1150 [17] about containment performance: 
pg ES-14: "For the large dry PWR containments (Surry and Zion), the 

majority of results tends to indicate a relatively low 
probability of early failure; however, the containment 
failure probability could be high if the pressure 
increments from direct heating and hydrogen burning are 
near the high ends of their ranges. Thus, for these 
plants it appears that the probability of failure is 
relatively low, but the potential for a high likelihood 
of failure cannot be completely eliminated. For plants 
employing pressure-suppression concepts, it should be 
noted that early containment failure does not necessary 
lead to large releases because of the potential mitiga
ting effects of the suppression devices in removing radio 
nuclides and possible retention in the reactor building, 
if they are available." 

Direct containment heating is caused when a severe accident occurs and 
the reactor is at a high pressure level at the instant of vessel 
failure. When the vessel fails it is assumed that large amounts of 
materials from the vessel content are sprayed into the containment 
atmosphere in small particles (high pressure melt ejection from the 
vessel). The unoxidized zircaloy is then exposed to an atmosphere in 
which steam and/or oxygen is readily available. As a consequence 
energy released to the containment atmosphere during the rapid 
zircaloy oxidation causes a rapid pressure increase. Secondly the 
released hydrogen from the zircaloy steam reaction can cause a second 
pressure spike once it reacts with the oxygen elsewhere in the 
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containment. Therefore it is suggested that the pressure of the 
reactor vessel is reduced rather soon in the accident sequence in 
order to avoid the high pressure melt ejection from the vessel. 

In the most recent published NUREG-1150 version [18] a change of 
likelihood of vessel failure under high pressure is observed. At page 
9-15 it is stated under the heading of load at vessel failure: 

•The predicted likelihood of failure of these designs (i.e. 
containments) was found to be small, in large part because 
most high-pressure sequences were predicted to depressurize 
by one or more means prior to vessel failure.* 

At page C-51 of the same document is stated under mechanisms for PWR 
reactor vessel depressurization prior to vessel breach: 

"For the three PWRs examined in this study, however, a 
substantial fraction of the severe accident progressions that 
started with the reactor vessel at high pressure 
depressurized before vessel breach. That is, many of the 
accident scenarios important to the risk result in-by one 
means or another-a breach in the reactor coolant system (RCS) 
pressure boundary of sufficient size to reduce reactor vessel 
pressure below approximately 200 psi (i.e. 14 bar) before 
reactor lower head failure. An outcome of this result is that 
the uncertainties in high-pressure melt ejection loads are 
observed to have a relatively small impact on the overall 
uncertainties in reactor risk. This observation is a 
substantial change in results from those of preliminary 
analyses published in the draft form in February 1987." 

In the recent Dutch study on the source term [19J is stated (pg. 19-
20): 

"Major releases can be expected only if the core disin
tegration is so advanced that a considerable part of the core 
has melted down. However, the core disintegration process may 
be stopped if the overheating core is successfully cooled 
down. The first case is referred to as core meltdown and the 
second as core damage. In this section, no distinction is made 
between the two concepts as regards the probability of core 
damage. 

As regards the various types of reactor, it is useful to 
determine which scenarios are dominant in the total 
probability of core damage. It appears that the dominant 
scenarios are not the same for all types of reactors. The 
sensitivity analyses that have been carried out are also 
important. Among other things, they indicate how the 
probability of core meltdown can be influenced (reduced still 
further). 

The probability of core damage can also be reduced, moreover, 
if the operating systems are so designed that they will also 
function in accident situations which they are not primarily 
intended to cope with. 

With regard to the situation in the Netherlands, it can be 
said that there is an excellent grid connection with the 



19 

German and Belgian grids. The probability of long-term power 
failure is thus lower than assumed in NUREG-1150 for the 
united States." 

This report continuous with: 
•Where the containments meets the leak-tightness requirements 
and no phenomena occur which result in damage to the 
containment, a core meltdown accident will not lead to an 
uncontrolled release. The core meltdown process can be 
stopped within the primary system by resumption of cooling. 
An example is the TMI accident, in which the primary system 
boundary remained intact. The releases where limited to noble 
gases and extremely small quantity of other fission products. 
Apart from the resumption of emergency cooling arrangements, 
what is currently being studied in the case of many reactors 
is what other operating measures can be taken in order to 
resume cooling. For this purpose, it is absolutely necessary 
for the primary system (PWR) or the reactor vessel (BWR) to 
be depressurized." 

In the reports of reconsideration of nuclear power [20] it is 
recommended that during a severe nuclear power accident the reactor 
vessel is depressurized prior to vessel failure. 

The main ingredients presented so far in this section are: 
- small LOCAs and station blackout scenarios are the most likely 

severe accidents scenarios, 
- loss of off side power is expected to be only of short duration 

during a station blackout scenario, 
- it is very likely that by operator actions all accident scenarios 

occur under depressurized conditions in the reactor coolant system 
shortly after the accident initiation. 

As far as accident progresses within the containment there it is not 
anticipated that a small break LOCA is essential different from the 
station blackout scenario, with a low pressure in the reactor coolant 
system in the course of the accident. Since a RELAP5 calculation was 
already available for a 500 MWe PWR primary system, it was decided to 
use the results of this calculation as a basis for the containment 
behavior analysis. After the RELAP5 calculation terminates, 
engineering judgement is being used to extrapolate the accident 
sequence. 

5.1.2. DEMONA experiment. 

The DEMONA program [3] was conducted to demonstrate the natural 
aerosol removal behavior during core melt accidents in LWRs and to 
validate the aerosol computer codes NAUA [11] and the related thermal-
hydraulics code COCMEL [23], The experimental program was finished in 
1986. The DEMONA facility is located in Frankfurt (Battelle) and is a 
model of a containment, being a 1:150 volumetric scale of the German 
PWR Biblis A plant. Steam and SnO aerosol supply was available at a 
rate of 0.7 kg/s and .006 kg/s respectively. 

In the DEMONA experimental series, experiment B2 was a dry experiment, 
i.e. no steam m s used. Aerosol was injected. As can be seen in figure 
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1 the aerosol concentration reduces one order of magnitude over a six 
hour period, when the initial concentration of 1 g/ro is taken. The 
dominant deposition mechanism has been gravitational settling, because 
the experiment was carried out under aiabient conditions without steam 
(hence no thermophoresis and diffusiophore3is) . Experiment B3 as well 
as B4 were steam rich experiments in which bulk condensation did 
occur. In these experiments the aerosol concentration reduces three 
orders of magnitude over a six *iour period. Thermophoresis was 
estimated to be about 2% of the deposition. About 18% of the total 
aerosol mass removed was caused by diffusiophoresis. The remainder of 
the aerosol removal was assumed to be caused by gravitational settling 
[2]. In the same reference it was demonstrated that 90% of the heat 
losses from the vessel stems from condensation of vapor on the walls. 
The remainder of the heat losses was due to sensible heat transfer, 
being a measure for the bulk condensation. In other words 90% of the 
vapor condenses at the wall surface and roughly 10% of the vapor 
condenses in the atmosphere. Although this 10% seems to be rather 
small it is significant for the aerosol depletion from the atmosphere. 
The bulk condensation rate was computed as 4.0 g/s, which corresponds 
to 6.3 mg/m /s. 

Further thermal-hydraulic analyses of the DEMONA results (aerosol was 
excluded in the exercise) [5] during a C.E.C. bench-mark exercise 
revealed that the heat transfer coefficient a1" the walls used in the 
analyses varied by a factor of three among the participants. The heat 
transfer coefficients were not se, .«rated into a latent and sensible 
part. Nevertheless quite an uncertainty must be assigned to the heat 
transfer coefficients. In the report it is suggested that the method 
of extrapolating UCHIDA correlation to non saturated conditions is the 
reason for the variations found. Indeed the heat transfer coefficients 
are in closer agreement during the period that all the codes predict 
saturated conditions. It is observed that the spread in the 
atmospheric temperature respectively the inner side of the walls is 
within a 10 K band of the experimental results. 

A citation from the report {5t (pg 58): 
"6.2.7 - Bulk condensation rate 

— — — — — — 

The bulk condensation rate was asked for to be computed 
by the participants. In fact during the exercise it appeared 
that the codes were not able to predict a value without 
taking into account the coupling effect with the aerosol. It 
was then decided to suppress this item in the final run of 
the exercise." 

It indicates the importance of the aerosol with respect to this 
thermal-hydraulic behavior. And with respect to the limitations of the 
exercise Gauvain states that the general outcome of the study was 
satisfactory, except for the bulk condensation. 

In the conclusions, skipping the third, Gauvain continues (pg 61): 
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" 1. The results of the calculations with nine different 
containment thermal-hydraulic codes agree closely to each 
other especially the atmosphere temperature, the inner side 
wall temperature, but less for the steam condensation rate on 
the walls and the saturation ratio which are the governing 
thermal-hydraulic parameter for the aerosol fission product 
behavior and -atention. 

2. For simple conditions as in DEMONA B3, the single 
node calculations seems to allow a sufficiently precise 
prediction for the thermal-hydraulic behavior of a concrete 
containment subject to a steam input (especially concerning 
pressure and temperature but less for steam condensation on 
the walls) during the long term behavior. 

4. The issue of bulk condensation is very sensitive and 
has not been finally resolved yet. Most of the codes 
predicted that bulk condensation did not occur and then 
further work is needed to resolve the question of whether any 
of these codes is in principle able to correctly make 
predictions of bulk condensation." 

As stated earlier in this section and also referenced by (24], [2] the 
missing part in conclusion one is the sensible heat subtraction from 
the containment atmosphere being a governing thermal-hydraulic 
parameter for the aerosol fission product behavior and retention. 

The third recommendation in Gauvain's report is: 
• 3. On the other hand for the long term thermal-hydraulic 
behavior of the containment, when the aerosol fission 
products could be released, the first need would be the 
improvement of heat transfer coefficient." 

Here again when the improved heat transfer coefficients are needed for 
long term thermal-hydraulic behavior they are also important for bulk 
condensation and hence aerosol behavior. 

5.1.3. LACE experiment. 

The LACE experiments were carried out in Hanford WA USA. The fourth 
experiment LA-4 was carried out in a 852 m vessel, which was heated 
up by steam. During the first stage of the aerosol injection phase a 
hygroscopic aerosol CsOH was injected. In the second phase an non 
hygroscopic aerosol MnO was added. In the last phase of the aerosol 
injection only MnO was added. After the aerosol injection period was 
ended a steady state period of 200 minutes was maintained, after which 
a venting period was initiated. Finally there was a cool down period. 
This LA-4 experiment was used by the C.E.C. for a bench-mark exercise, 
in which 12 organizations participated. The exercise wa3 split into a 
thermal-hydraulic and an aerosol part. 

In a paper of JRC [21] is mentioned that there are basically two ways 
to compute the heat and mass transfer coefficients. Some codes make 
use of the theoretically based Chilton-Colburn analogy, while others 
use a relation based upon experimental data referred to as the Uchida 
relation. Some codes have modified this relation. At the aerosol 
injection period the thermal-hydraulic condition are given in table 4. 
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TABLE 4. Thermal-hydraulic condition. LACE-4 during the aerosol 
injection period. 

air to steam weight ratio : 1.79 
p t fc - 212.45 kPa 
Tto* - 92 °C 

w a l l 

P l a t a a m T 
ga* 

* 97,760 kPa 
= 99.2 °C 

The heat transfer coefficients computed are given in table 5. 

TABLE 5. Heat transfer coefficients of LACE-4 with various models 
in V/m2or in W/ni °C. 

Correlation for free convection for condensation 
heat transfer heat transfer 

Chilton-Colburn 4.29 110 / 140 
uchida (original) - 283 
Ochida (Jericho) - 170 
Ochida (March-2J 2.33 251 

depends on the diffusive coefficient assessment 
calculated by the equation 1.08(T -T , J . 

•* ^ gaa w a l l 

From table 5 it is possible to observe large differences in the heat 
transfer coefficients and in the ratio convective to condensation heat 
transfer. This ratio is important in the analysis when the correct 
quantity of steam condensing onto aerosol is to be evaluated. In 
addition it appeared in the calculations that the inclusion of the 
radiative heat transfer with the coefficient in the order of 7.7 to 
8.1 W/m °C did have an impact on the saturation ratio. 

Ricchena states that the global thermal-hydraulic variables (bulk 
temperature and total pressure) in the vessel atmosphere computed by 
the various codes are in fairly good agreement with the experiment 
apart from a light general overeatimation of the total pressure in the 
steady state. The saturation conditions of the atmosphere and the 
steam condensation rate in the volume were assessed with large 
discrepancies among the different codes and in general with 
considerable deviations from the experiment. 

5,2. Station blackout scenario with operator action. 

In order to investigate the aerosol removal rate during the 
predominant class of severe accident scenarios a station blackout 
scenario of a 500 MWe PWR has been selected to be analyzed using the 
computer code CONTAIN. Operator action is assumed in order to obtain a 
low pressure in the primary system. 

A station blackout accident is characterized by a complete loss of all 
on- and off-site AC power. However, DC power supply from batteries is 
still available. Under these circumstances turbine trip and reactor 
coolant pump trip occur at time zero, and the reactor scrams within 
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one second due to the low speed of the reactor coolant pump. During 
the course of the event no volume control system (VCS) or emergency 
core cooling (ECC) is available. In this particular case operator 
action is assumed at 3,000 s by opening the power operated relief 
valve to its maximum open position. This time coincides with the 
moment at which the steam generators are dry. Due to opening this 
valve the pressure drops over a period of one hour from 16. MPa to 1.9 
MPa. Hater from the accumulators flows automatically into the primary 
system. 

The accident scenario is discussed in detail in [4]. As is discussed 
earlier the thermal-hydraulics state within the containment determines 
largely the aerosol removal rate. Therefore special attention in this 
section of the report is given tc the thermal-hydraulic conditions 
starting at the time in the accident sequence at which aerosol and 
fission products are released into the containment. In order to demon
strate the relevance of the results, parameters such as heat transfer 
coefficient, condensation layer thickness, and decay heat generation 
have been varied to examine the effects of these parameters. 

5.2.1. Reference case. 

The station blackout scenario starts at time 0. RELAP5 calculations 
have been carried out {25]. Table 6 high-lights the accident scenario. 
The reactor scram follows within 1 s. The pressure valve of the steam 
generator opens at the secondary side at 88 s into the accident 
sequence. The pressure in the primary system at 2,564 s into the 
accident sequence is such that the PORV (Power Operated Relief Valve) 
opens automatically. The cooling from the secondary side stops at 
3,000 s because the steam generator becomes dry. At this instant the 
PORV is opened to its maximum capacity. A two ph?se flow leaves the 
primary system into the containment, as is depicted in figure 4. Due 
to this effect the coolant level in the reactor drops. At 3,054 s the 
top of the core is no longer submerged in water. The zircaloy cladding 
temperature starts to rise at 5,100 s. At 5,340 s into the event the 
water level is at 1/3 of core height. The end of the RELAP5 
calculation at 6,600 s is caused by the fact that the water tempera
ture reaches the upper temperature limit of the code being 1500 K. 
From here on engineering judgement is used to estimate the response of 
the primary system required to compute the containment response. At 
this time the water of the accumulators is flowing into the primary 
system. The mass flow leaving the PORV is decreasing slowly from 7.02 
kg/s at 6,600 a to 3.42 kg/s at 24,200 s. The primary system pressure 
drops over this period from 1.9 MPa to 0.4 MPa. Water, which was 
trapped in the pressurizer due to the mass-flow going through the 
pressurizer, flows now into the core region and cools the core. The 
core melts, starting at 27,000 s. With the melt reaching the water in 
the bottom head there is a driving force to inject fission products 
into the containment. At this instant it is important in the present 
analyses to investigate the thermal-hydraulic conditions. The fission 
products are producing radiation. Important are the B and y radiation. 
These radiation components produce a heat source in the containment, 
th* 6 decay heat generates heat in the containment atmosphere and the 
T radiation in the structures. The Y heat at the cold surfaces, which 
are effectively controlling the heat transport from the containment, 
consuft.es already a part of the heat transport capacity. This means 

http://consuft.es


24 

that the sensible heat transport from the containment atmosphere, 
including the 6 decay heat, is somewhat reduced. From 28,100 s to 
30,100 the bottom head of the vessel is heated by the molten core. At 
the latter time the reactor vessel fails, which implies that molten 
core concrete interaction starts, provided that the cavity is dry. 
This interaction causes a hydrogen and carbonmonoxide injection into 
the containment. 

The amount of the B and 7 decay heat in the containment is estimated 
in two steps. Firstly the total decay heat is estimated. Secondly the 
fraction entering the containment is calculated. The fission product 
decay haac depends on the time period since shut down and secondly 
upon the burn-up of the fuel. The latter is generally between 11 and 
22 GWd/ton 0. One hour after shutdown the decay heat is 1.5% of the 
operational power. Between 2 and 3 hours after shut down this value 
drops to 1% [26]. The latter value is taken as a reference in the 
calculation here. Only noble qasses, halogens and alkali-metals are 
anticipated to reach the containment. Their decay heat is in the order 
of 10 to 30% of the total decay heat. Furthermore from the decay heat 
reaching the containment roughly 70% is in the form of p and 30% is in 
the form of 7 decay heat. In the reference case of the calculations it 
is assumed that 10% of the decay heat will be present in the 
containment as 0 decay heat. (The 7 decay heat could not be modelled 
with the CONTAIN code). 

TABLE 6. Accident scenario. 

Time (s) 

0 
1 
88 

2,564 
3,000 
3,054 
6,600 

24,200 
27,000 
28,100 
30,100 

86,400 

Phase 

1 

2 

3 

4 
5 
6 
7 

Event 

Start station black out 
Scram 
Opening pressure valve steam generator 
Opening PORV 
Steam generator dry, PORV open at max. 
Start core uncovery 
Water temperature reach 1500 K, start 
accumulator water supply 
accumulators empty, start boil off pressurirer 
initiation core melting 
heat-up bottom head 
collapse bottom head, start core concrete 
interaction 
24 hours elapsed, end calculations 

For the containment response analysis CONTAIN 1.06 has been used. The 
convective heat transfer coefficient has been increased by a factor of 
1.25 in order to account for the improved heat convection due to the 
mass flow towards the surfaces. This is based upon analysis [27], as 
well as the experimental evidence (28]. The reference case examined 
the thermal-hydraulic aspects and did not include aerosol. 

5.2.2, Par-mm trie variations. 

With respect to the reference case seven variations were made in order 
to determine the relevance of parameters. Table 7 gives an overview. 
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TABLE 7. The various cases examined. 

Ident. 

reference 
low convection 
high convection 
reduced water layer 
reduced heat 
reference MnO 
high convection MnO 
reducing P heat 

a conv 
a ref 

1. 
.8 

2. 
1. 
1. 
1. 
2. 
1. 

i condens 
h ref 

1. 
1. 
1. 
.2 
1. 
1. 
1 
4. . 

1. 

Q source 
Q ref 

1. 
1. 
1. 
1. 
.5 

1. 
1. 

variable 

MnO 

no 
no 
no 
no 
no 
yes 
yes 
yes 

As indicated in earlier sections the transport of sensible heat is 
important on whether or not bulk condensation occur*. Therefore as the 
first and second variation the convective heat transfer coefficient 
has been taken .8 and 2. with respect to the reference case in two 
additional calculations. The total heat flux is predominantly 
determined by the heat resistance of the containment walls. Hence 
changing the convective heat transfer coefficient implies indirectly a 
change of the mass transport (latent heat) to the walls. 
The third variation involved the reduction of the condensate layer on 
surface areas. When water condensates on a surface, the amount of 
water in excess of the specified layer thickness is automatically 
removed from the surface. The importance of this water layer thickness 
is when water evaporates from surfaces. The thinner the layer the less 
can be evaporated. In stead of .5 mm maximum water layer thickness, 
the third variation involved a maximum thickness of .1 mm. 

As is shown in the results in the next paragraph the containment 
atmosphere is superheated during the period when aerosol is injected. 
In order to obtain saturated conditions the decay heat was reduced by 
a factor two, which was the fourth variation. 

In order to examine the influence of aerosol the reference case and 
the case with high thermal convection were repeated. A non hygroscopic 
aerosol concentration of 10. g/m was assumed to be present at the 
instant when aerosol is assumed to enter the containment. These are 
the fifth and six variation respectively. 

The last variation was decided after evaluating the other variations. 
In this variation, which is documented in [4] appendix B, it is 
assumed that the decay heat - generated by the fission products in the 
form of aerosol - given to the atmosphere decreases as the deposition 
of the aerosol progresses. The question was raised what time period is 
required to obtain an atmospheric heat source comparable with the 
reduced heat production case. If this time period is rather short, 
then the reduced heat production case does not form a realistic lower 
bound for the parametric cases studied. 
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5.2.3. Results station blackout scenario with operator action. 

In all calculations performed the pressure and temperature increases 
in the containment show similar results up to 27,000 s into the event 
(note no fission products are released yet). Due to the steam leaving 
the PORV the pressure in the containment increases up .26 MPa and the 
temperature up to the saturation temperature of 381 K, as is depicted 
in figure 5. Due to the heat flux through the containment walls, the 
containment atmosphere is saturated in this phase of the accident. 
Mater in the form of aerosol (i.e. bulk condensation takes place) 
reaches concentrations of .02 Jcg/m , as is depicted in figure 6. 
Deposition of this water aerosol is in the order of .3 kg/s £°r this 
38,000 m containment, see figure 6. The thin steel internals have 
essentially the same temperature as the containment atmosphere. The 
containment walls have a surface temperature which is up to 10 K less 
than the temperature of the containment atmosphere. 

At 27,000 a in the event some minor differences are observed. The main 
conclusion of all the calculations is that the containment atmosphere 
is just around the saturated conditions during the high steam 
injection rate when the core collapses into the bottom head. When the 
injection period is ended at 28,100 s the conditions are for another 
500 s saturated after which the containment becomes superheated. 
However the high convective and the reduced heat production cases 
maintain saturated conditions for 1,500 s resp. 3,500 s before 
superheating occurs. Significant is that the water aerosol mass is 
rapidly reducing after the steam injection occurs. The major reason 
for this is evaporation and to a lesser extend deposition of the water 
aerosol. Tn figures 6-10 the bulk condensate concentration is given 
for the various cases examined. The deposition rate of the bulk 
condensate is given in figures 11-12 for the cases in which no MnO 
aerosol was modelled. Table 8 gives the MnO aerosol concentration at 
28,100 s and 30,000 s and the ratio. 

TABLE 8. MnO concentrations at 28,100 s and 30,000 s and the 
ratio of the concentration and the ratio observed in 
DEMONA. 

Ident. 

reference MnO 
high convection MnO 
reducing p heat 
DEMCMA 'wet' 
DEMONA 'dry' 

concentration (g/m ) 

28,100 s 

6.8 
6.6 
6.£ 
(1.0) 
(1.0) 

30,000 s 

5.2 
4.5 
5.1 
( -56) 
( .83) 

ratio 

.75 

.69 

.73 

.56 

.83 

Comparing the results in table 8 with the DEMONA results the ratios of 
the cases considered here are in close agreement with the 'dry' DEMONA 
experiment. It must be kept in mind that the initial concentration in 
the DEMONA experiment are lower than in the considered cases. Hence in 
the considered cases the agglomeration effects are more effective than 
in the DEMONA experiments. 
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Another water source was the water which was condensed earlier in the 
accident sequence on the steel components. Clearly these structures 
are cooled by the evaporation energy of the water. 
The longtime saturated conditions as assumed in DEMONA and LACE are 
not observed in these calculations. 

In order to be able to relate the station blackout scenario with the 
DEMONA experiments comparison with the bulk concentration and 
evaporation or condensation rate of the considered results are 
tabulated in table 9. 

TABLE 9. Bulk condensation rate of the significant cases 

case 

reference 

reduced heat 
production 

DEMONA B3 

bulk condensation 
rate 

(mg/m3/s) 

-0.0006 

8. 

I « . 

deposition rate of 
bulk condensate 

(mg/m /s) 

Nil 

2. 

1 not avai 
I 

This implies that the reduced heat production case compares reasonably 
well with the DEMONA B3 experiment during a small time period. Since 
the comparison holds only for a small time period it can be concluded 
that in the period between steam injection including fission products 
and the molten core concrete interaction the average bulk condensation 
rate in the station blackout scenario in which the decay heat has been 
reduced 50 % with respect to the reference case is smaller than in the 
DEMONA B3 experiments. 
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6. Su—ary, conclusions: and teirrnmf ndationa. 

Experiments in the past, such as DEMONA and LACE, were (partially) 
carried out under saturated conditions. Under these conditions the 
sensible heat removal was such that bulk condensation did occur. As a 
consequence rapid aerosol depletion from the atmosphere followed. This 
knowledge serves as a basis to understand aerosol/fission product 
behavior within a nuclear containment during a severe accident. 

Some accident scenarios lead to an early containment failure. In this 
case there is insufficient time for aerosol removal mechanisms to 
produce any significant effect. For the other accident scenarios it 
has been argued in this report that a low pressure vessel failure is 
the most likely accident sequence to occur. The CONTAIN code 
calculations of a station blackout scenario for a 500 MWe PWR with 
operator action to obtain low pressure within the primary system at 
the instant of vessel failure form the major basis of this report. 
This scenario is an example of scenarios that lead to low pressure 
vessel failures. In addition to the reference case seven variations 
are calculated, see table 1. 

In this scenario, the steam produced starts the injection of aerosol 
into the containment, when the molten core material drops into the 
water, which is still present in the bottom head. The calculation 
shows that at the start of injection the containment atmosphere is 
saturated. The steam injection, lasting for 20 minutes, causes 
compression of the atmosphere. This compression leads to evaporation 
of the bulk condensate. After all water in the bottom head has been 
evaporated and hence the injection has stopped, it takes 30 minutes 
for the molten core material to penetrate the bottom head. All 
parametric variations but one show that evaporation of bulk condensate 
continues during this period. The exception is the calculation with 
the reduced ft decay heat to St . In this case a bulk condensation rate 
of 8 mg/m /s does occur during a small fraction of this 30 minutes 
time period. This rate is of the same order of magnitude as in the 
'wet' DEMONA B3/B4 experiments, (i.e. 6 mg/m /a). In the remainder of 
the period there was either a smaller bulk condensate rate than DEMONA 
B3/B4 or even an evaporation rate. 

After penetration the molten core material drops from the bottom head 
into the cavity, which is assumed dry in our calculations. The core 
concrete interaction, that follows, produces excessive heat, vapors 
and gasses, what leads to superheating of the atmosphere. In the case 
of a wet cavity the steam production and the consequent compression 
would also lead to superheating. 

From the above follows that bulk condensation can only occur during a 
short period of time, less than 30 minutes. In the DEMONA experiments 
it was observed that the aerosol concentration reduced to 0,1 of its 
initial concentration over a six hour period in the 'dry' case (B2) 
and to 0.001 of the initial concentration in the 'wet' (B3/B4) case. 
Relating these numbers to a 30 minute period the concentration becomes 
0.83 of the initial concentration for the 'dry' case and 0.56 for the 
'wet' case. In the caa% analyzed with aerosol [4] the concentration 
builds up during the aerosol injection. During the 30 minutes 
thereafter the concentration decreases to 0.75 of its maximum value. 
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With the increased he?- convection case this number was 0.69 . The 
case in which the decay heat to the atmosphere was variable this 
figure was 0.73. The figure 0.56 of the 'wet' DEMONA experiment is 
hence an exaggerated lower bound for the calculations carried out. 
Within the uncertainty of existing factors in the determination of 
source terms 1.5 (0.83 relative to 0.56) is of lesser importance. 
Since 0.56 is a lower bound for all investigated variations the 
uncertainty in the heat transfer coefficients alone will results in an 
••en lower uncertainty than 1.5 in the aerosol concentration reduction 
after 30 minutes. 

Within the constrains of the present analysis the following 
assumptions have been made: 
a) the reactor vessel of the 500 MWe PWR fails at a low pressure in 

the vessel/ for which a station black out scenario has been used 
with an operator action to depressurize the vessel, 

b) the decay heat in the containment atmosphere was assumed to be 10% 
of the decay heat present in the fuel rods at the time of the 
release, 

c) core concrete interaction begins 50 minutes after the start of 
aerosol release into the containment. 

Subject to these assumptions the following conclusions are reached: 
I) the period of saturation conditions with aerosols present in the 

containment is limited to the interval between aerosol injection 
and start of molten core concrete interaction, (i.e. 50 minutes), 

II) During the first 20 minutes of this interval bulk condensation 
is excluded since the compression, as a consequence of steam 
injection, leads to bulk condensate evaporation, 

III) in the remaining 30 minutes of this interval saturation is 
maintained and bulk condensation occurs during a part of this 
period only if the decay heat has been reduced from 10% to 51. 
In that case a temporarily maximum bulk condensation rate of 
8.0 rag/m /s is obtained being roughly the same as in the 
DEMONA B3 experiment, 

IV) moreover, if the bulk condensation should be maintained 
continuously at the rate of the 'wet' DEMONA B3, the 30 minute 
interval would be too short to obtain a large aerosol 
concentration decrease (0.56 of the initial concentration in 
the 'hat' DEMONA B3 experiment compared to 0.83 in the 'dry' 
DEMONA B2 case); the ratio 1.5 between 0.83 and 0.56 is 
considered small with respect to other uncertainties in the 
determination of the source term. 

In extrapolation of these statements it can be concluded that: 
1) an improved model for the convective heat transfer coefficient 

does not significantly contribute to a decrease of uncertainty in 
the source terra prediction during a severe nuclear accident; the 
uncertainty in the heat transfer coefficient for latent and 
sensible heat during wall condensation is large, however the 
consequent uncertainty in the source term prediction is small in 
the analyzed scenarios/ 
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2) present computer codes for containment analyses use very different 
models for computing the heat transfer coefficients during wall 
condensation; their use in calculations of aerosol behavior in 
situations of long lasting bulk condensation (more than 6 hours in 
the case of the DEMONA experiments) can lead to errors of several 
orders of magnitude in the aerosol mass concentration decrease, 
however for short duration of the bulk condensation (such as the 
maximum 0.5 hour during the calculated scenarios in this study) 
they are able to predict the aerosol concentration decrease with a 
reasonable uncertainty, 

3) the condition of the 'wet' LACE and DEMONA experiments are not 
typical for the situation during severe accident scenarios, in 
which the primary system has failed at a low pressure and with a 
containment p decay heat release of 5% or higher of the decay heat 
of the core. 

Bearing in mind the above it can be stated that improved determination 
of convective heat transfer coefficients would be of great scientific 
interest, but experimentally hard to obtain. Such experiments, 
however, are beyond the current scope of ECN's nuclear research 
programme. 
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8. Figures. 

figure description 

1 Aerosol concentrations in DEMONA {1] 
2 Principal contributors to core damage frequency [18] 
3 Principal contributors to core damage frequency {16] 
4 PORV discharge into the containment of the station blackout 
scenario [4] 

5 Containment pressure and temperature of the reference case {4] 
6 Bulk condensate concentration and deposition rate of the reference 
case 14] 

7 Bulk condensate concentration reference case, high- and low 
convective heat transfer cases 

8 Bulk condensate concentration reference case, reduced water layer 
thickness and reduced heat production case 

9 Bulk condensate and MnO concentration reference case and high 
convective heat transfer case 

10 Bulk condensate and MnO concentration of reducing fl decay heat 
case 

11 Bulk condensate deposition rate reference case, high- and low-
convective heat transfer case 

12 Bulk condensate deposition rate reference case, reduced water 
layer thickness and reduced heat production case 
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Time ofter start of oerosol injection 

rigor» 1. Atrosol concentrations in OEHOtfA (1) 
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Massflow leaving the PORV 
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Figpre 4. PORV discharge into the containment of the station 
blackout scenario [4} 
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figure 7. Bulk condensate concentration reference case, high- and 
low convective heat transfer cases 
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Figure 8. Bulk condensate concentration reference case, reduced 
Mater layer thickness and reduced heat production case 
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rigor» 9. Bulk condensate and MnO concentration reference case and 
high convective heat transfer case 
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Figure 10. Bulk condensate and MnO concentration of reducing p 
decay heat case 
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Bulk condensate deposition rate reference case, high-and 
low-convective heat transfer case 



aeeo uottpnpojd ie&ii paonpea pue ssaujpTij:) JSAEX aas** 
peonpej 'aBeo aouaaajaj aaei uoi^tcodap a^esuapuoo Jffng 

DEPOSITION RATE (KG/S) 
0.1 0.2 0.3 0.4 0.5 

9fr 


