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Abstract 
 

The key objectives in introducing passive features in the safety systems for 
Light Water Reactor (LWR) are to increase their reliability, to simplify the 
design of the plants and to improve performance and economics. Component 
and integral system tests in scaled facilities are required for optimizing the 
design and for certification of these safety systems. Experimental programs are 
also needed for a better understanding of all significant physical phenomena 
on the basis of which the passive safety systems function. 
 
In the first part of the thesis the results of an investigation on melt coolability 
with bottom coolant injection are presented. Ex-vessel coolability of a molten 
pool and/or debris is, perhaps the most vexing remaining issue, needing 
resolution, in the beyond the design-base safety assessment for the current 
and the future light water reactor plants. Late phase of the progression of a 
severe accident is associated with corium-melt discharge from the Reactor 
Pressure Vessel (RPV) and its relocation on the concrete basemat in the form of 
a debris bed consisting of liquid/particulate corium. The core debris generates 
decay heat and attacks the concrete basemat and the containment structures 
and continues to do so, until the coolability of debris bed is achieved. Failure to 
assure the coolability of the debris bed is tantamount to the failure to assure 
the termination of the severe accident. A research program named DECOBI 
was developed at the Nuclear Power Safety division of the Royal Institute of 
Technology to study the coolability of melt pools with bottom coolant injection 
which occurs passively through nozzles embedded in concrete which open after 
ablation of a predetermined depth of concrete basemat. The research objective 
was to explore the mechanism of high heat transfer and in particular the large 
scale porosity formation. In the DECOBI program first a series of experiments 
were performed at low temperature, by using transparent pool and coolant that 
allows the visualization of the flow pattern during the pool-coolant interaction. 
The parameters governing the early stages of the coolant phase change and 
dispersion in the pool are identified through these visual experiments. 
 
Experiments were performed also with metallic (Pb) and binary oxide simulants 
(CaO-B2O3, MnO-TiO2, CaO-WO3), such that a substantial range of parameters 
influencing coolant-melt interaction and the subsequent debris structure was 
investigated. The molten metal (Pb) has high conductivity and low viscosity, 
which results in a high heat transfer rate and mixing of pool and coolant. The 
cooling process occurs rapidly and the porosity, after solidification has a fine 
and quite uniform structure. On the contrary the oxide mixture CaO-B2O3 used 
has high temperature, low conductivity, high viscosity and glassy material 
structure, which resulted in lower heat transfer rate and more difficult pool-
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coolant mixing. In the coolant-contacted regions, directly above the nozzle 
locations, an interconnected branched channel type porosity was obtained. 
These regions had high porosity and they quenched due to the continuous 
passage of coolant, even long after solidification. The other regions did not 
develop porosity because the crust formed outside the quenched regions, 
prevented the direct contact of coolant with these regions. These regions, 
however, could conduct heat to the adjacent cold regions and cooled 
eventually. The experiments performed using the oxide mixtures CaO-WO3 and 
MnO-TiO2 (which have lower viscosity compared to that of CaO-B2O3  and a 
ceramic material structure) showed better pool-coolant mixing and rapid 
quenching of the melt. The porosity obtained was uniformly distributed 
throughout the melt. DECOBI program, thus, reveals that, through this 
scheme of coolant injection the debris arriving in the containment as a result of 
vessel failure can be quenched in a relatively short time. Analysis performed, 
based on the insights gained from the experiments, estimates the amount of 
porosity that can be obtained with a single nozzle. 
 
The second part of the thesis is focused on the issue of the light gas effects on 
the efficiency of a Passive Containment Cooling System (PCCS) for a Boiling 
Water Reactor. The presence of hydrogen affects the efficiency of PCCS, since 
non-condensable gases reduce the steam condensation rate and consequently 
the efficiency of the condensers. The gas distribution not only influences the 
PCC (Passive Cooling Condenser) performance but also affects the containment 
pressure build-up. The data and some analysis of a series of three system 
transient tests performed in the PANDA facility, show that retention of non-
condensable gas in the drywell, instead of being vented to the wetwell gas 
space, could mitigate the system pressure. The PCC operation modes are 
qualitatively discussed and the PCCS performance is analyzed for one test by 
quantifying the major heat sinks (PCC pools, wetwell pool, reactor pressure 
vessel (RPV) water, structural materials, etc) and comparing them during the 
test period with the decay heat (heat source) generated in the RPV. The heat 
transfer coefficients in one PCC have been determined for one test at selected 
times before, during and after helium injection. In this way, the effect of light 
gas has been quantified in term of variation of heat transfer rate. 
 
Keywords: DECOBI, nuclear severe accident, PANDA, PCCS. 
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Summary of Individual Contributions and Accomplishments 
The thesis combines the author’s contributions on research activities 
performed in the subject of passive safety system for two LWR designs. 
The contents of the thesis and the author’s own research accomplishments are 
organized into two main parts. 
 
Part 1: Study of melt coolability by bottom coolant injection 
The first part of the thesis (Chapters 1 to 5 and Appendices A to D) is devoted 
to the study of melt coolability by bottom coolant injection in a postulated 
severe accident in an ex-vessel scenario. The study is related to a core-catcher 
design (COMET concept) which has been proposed for the European 
Pressurized Water Reactor (EPR). 
The author’s main contribution was to develop and conduct the DECOBI 
program. The DECOBI test facilities were designed, constructed and 
instrumented to perform several series of experiments with melt simulants at 
low, medium and high temperature. 
 
The objective of the low temperature experiments was to observe for a large 
number of parameter variations, the flow patterns formed during the melt 
(pool)-coolant (dispersed phase) interaction when the coolant was injected from 
the bottom. The thermal parameters governing the coolant phase change while 
rising in the pool were analyzed with a combination of different models. The 
evaporation process, which permits an expansion of the coolant, was modeled 
as a function of the pool properties, coolant latent heat and pool-coolant 
temperature difference. The models used are based on a thermodynamic 
approach and describe the direct contact heat transfer between the melt pool 
and the coolant in the bottom injection geometry. 
 
In the medium and high temperature experiments the melt-coolant interaction 
characteristics were investigated with a pure molten metal pool and with three 
binary non-eutectic oxides, whose compositions were chosen to simulate the 
corium as closely as possible. 
The experimental results allowed the identification of the key-parameters 
influencing the porosity formation and its distribution during coolability and 
quenching of molten pool by bottom coolant injection. 
A phenomenological analysis was performed based on experimental 
observations and the measured data. The models developed assessed the 
amount of melt, which could be cooled and quenched by a single nozzle. The 
melt in the non porous region was modelled by using the unsteady heat 
conduction equation. 
The DECOBI research program has contributed to an advanced understanding  
of the melt coolability by bottom coolant injection in an ex-vessel scenario.  
 
The DECOBI experiments performed in small-scale facilities, well 
complemented the research activity performed on the same subject in the large 
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scale COMET facilities. The DECOBI program has also produced experimental 
data, which have been useful for the development and validation of computer 
code (WABE) developed at University of Stuttgart simulating melt coolability by 
bottom injection in an ex-vessel scenario. 
 
Part 2: Study of Gas Effects on Passive Containment Cooling System 
The second part of the thesis (Chapters 6 to 10, and Appendices E and F) is 
dedicated to the study of the effects of hydrogen release by a Metal-Water 
reaction on a Passive Containment Cooling System (PCCS). 
The author took part (with the PANDA team at the Laboratory of Thermal-
Hydraulics at Paul Scherrer Institut in Switzerland) in designing, performing 
and analysing a series of transient integral system tests. In these tests the 
long-term PCCS cooling phase following a LOCA (Loss of Coolant Accident) 
caused by a MSLB (Main Steam Line Break) has been assessed along with the 
release of a large amount of light gas during the transient. 
 
The transient integral system tests performed in the large-scale PANDA facility 
(PANDA is scaled 1:1 in height and 1/40 in volume and power with respect to 
the ESBWR, (European Simplified Boiling Water Reactor) allowed to study the 
effects of hydrogen distribution in the containment compartments on the long-
term containment pressure and the return of water to the Reactor Pressure 
Vessel (RPV). 
 
The variation of the PCCS performance as a function of the concentration of the 
light gas was measured and different operation modes of the PCC (Passive 
Cooling Condenser) were identified. The variation of the PCCS performance as a 
function of the concentration of the light gas concentration was quantified for 
one integral test by evaluating the major heat sinks (PCC water pool, WW 
(Wetwell) pool, RPV water, structural material) during the test period. 
 
The effect of light gas on the heat transfer coefficient in the PCC tubes has 
been quantified by deriving from the experimental data the heat transfer 
coefficients at selected times before, during and after light gas release. 
 
The main accomplishment in the second part of the thesis has been the 
author’s contribution in performing and analysing three integral system tests 
in the large scale PANDA facility. The experimental data obtained, constitute a 
useful data base for assessing the capability of advanced containment codes 
and CFD codes to analyse PCCS performance and containment post-LOCA 
behaviour in the presence of hydrogen.
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Preface 
In the introductive Parts 1 and 2 of this thesis are summarized the main 
results included in the 6 Appendices. The list of publications reported below 
consists of 1 Licentiate Engineering thesis, 3 journal papers and 14 
international conference papers. 

I: 
Licentiate thesis: 
D. Paladino, Investigation of Mechanism for Melt Coolability with Bottom Coolant 
Injection, Licentiate Engineering thesis, KTH/NPS, Sweden (2000). 
 
Journal paper: 
D. Paladino, S.A. Theerthan and B. R. Sehgal, DECOBI: Investigations of 
Mechanisms for Melt Coolability with Bottom Coolant Injection. International 
Review Journal of Progress in Nuclear Energy, Vol. 40, No. 2, pp. 161-206, 
(2002). 
 
Conference papers: 
B. R. Sehgal, T. N. Dinh, M. Konovalikhin, D. Paladino and A. A. Gubaidulin, 
Experimental Investigations of Melt Spreading and Scaling Analysis, JAERI 
Proceeding Severe Accident Research in Japan (SARJ)- Japan (1997). 
 
T.N. Dinh, M. Konovalikhin, D. Paladino, A.A. Gubaidulin and B.R. Sehgal, 
Experimental Simulation of Core Melt Spreading on a LWR Containment Floor in a 
Severe Accident, Proceeding of the International Conference on Nuclear 
Engineering - 6 (ICONE-6)-San Diego, USA (1998).  
 
B. R. Sehgal, Z. L. Yang, T.N. Dinh and D. Paladino, Investigation of Ex-Vessel 
Melt Coolability by Bottom Injection, Proceeding of the International Conference 
on Nuclear Engineering - 6 (ICONE-6)-San Diego, USA (1998).  
 
B. R. Sehgal, T. N. Dinh, R. R. Nourgaliev, D. Paladino, M. Konovalikhin and A. 
Gubaidulin, Severe Accident Experiments and Analysis at the RIT, International 
Conference on Thermophysics Aspects of VVER-Type Reactor Safety- Obninsk, 
Russia (1998). 
 
D. Paladino, A. Theerthan, B.R. Sehgal, Experimental Investigation on Debris 
Coolability by Bottom Injection, Transaction of American Nuclear Society (ANS) 
Annual Meeting- Boston, USA (1999).  
 
B. R. Sehgal, M. J. Konovalikhin, D. Paladino, A. Theerthan and I. V. 
Kazachkov,  Coolability of Melt Pools and debris Beds with Bottom Injection, 
Proceedings of Second Japanese-European Two-phase Flow Group Meeting- 
Tsukuba, Japan (2000).  
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 D. Paladino, A Theerthan and B.R. Sehgal, Direct Contact Cooling of Molten 
Pool with Bottom Coolant Injection with Submerged Nozzles, Fourth International 
Conference on Multiphase Flows- New Orleans, Lousiana, U.S.A. (2001).  
 
D. Paladino, A. Theerthan and B. R. Sehgal, A Study on the  Ex-Vessel Debris 
Coolability by Bottom Coolant Injection (DECOBI), International Conference on 
Nuclear Engineering (ICONE-9), France (2001).  
 
B. R. Sehgal, M. J. Konovalikhin, D. Paladino, A. Theerthan, Melt Pool and 
Debris Coolability Experiments and Modelling, European Two-Phase Flow 
Meeting, Aveiro, Portugal (2001). 
 
I. V. Kazachkov, D. Paladino and B.R. Sehgal, Modelling of Melt Coolant Mixing 
by Bottom Injection, International Conference on Nuclear Engineering (ICONE-
9), France (2001). 
 
D. Paladino and B. R. Sehgal,  Potential for Porosity Formation in a Melt Pool 
Cooled by Bottom Injection,  The 2nd Annual European Multiphase Systems 
Institute Meeting  and the 40th European Two-Phase Flow Group Meeting, 
Sweden (2002). 
 

II: 
Journal papers: 
O. Auban, D. Paladino, R. Zboray, “Experimental Investigation of Natural-
circulation Flow Behaviour under Low-power/Low-Pressure Conditions in the 
Large-scale PANDA, Nuclear Technology (to appear in December 2004). 
 
D. Paladino, O. Auban, M. Huggenberger, “Steam/light Gas Stratification 
Patterns Observed During Passive Containment Cooling Tests in PANDA 
Facility”, a paper to be submitted to Nuclear Engineering and Design (2004). 
 
Conference papers: 
D. Paladino, O. Auban, P. Candreia, M. Huggenberger, H. J. Strassberger, 
“New PANDA Tests to Investigate Effects of Light Gases on Passive Safety 
Systems”, Proceeding of the International Congress On Advanced Nuclear 
Power Plants, Hollywood (ICAPP-2), Florida, USA (2002).  
 
O. Auban, D. Paladino, M. Huggenberger, P. Candreia, H.J. Strassberger, 
Overview of some new PANDA tests results: effects of light gases on passive 
safety systems, Proceeding of International Congress on Advanced Power Plants 
(ICAPP-3), 3-7 May Cordoba, Spain (2003).  
 
D. Paladino, O. Auban, M. Huggenberger, M. Andreani, "Investigation of light 
gas effects on passive containment cooling system in ALWR", The 10th 
International Topical Meeting on Nuclear Reactor Thermal Hydraulics 
(NURETH-10)", Seoul, Korea, October 5-9 (2003).  
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Part 1: Melt coolability with bottom coolant injection 

1. Introduction to Part 1 
Ex-vessel melt (debris) coolability is a critical safety issue for the current and 
the future light water reactor plants (LWRs), with respect to stabilization and 
termination of a postulated severe (core melt down) accident. Late phases of 
severe accident progression are associated with melt discharge from the RPV 
and spreading on the concrete basemat in the current plants, or on a core-
catcher in future plants e.g. EPR, forming a melt pool and/or a particulate bed 
which generates decay heat and reacts with the concrete basemat and the 
containment structures. 
The accident would be considered terminated when the coolability (quenching 
and solidification) of the melt/debris bed is achieved in the long term. 
 
The most convenient accident management measure to cool the debris is to 
establish a water layer on top of the melt pool. This coolability scheme has 
been investigated extensively in the MACE experiments (Sehgal et al. 1992 and 
Merilo et al. 1997) where it was found that a tough crust is formed on the 
upper surface of the melt pool, which severely limits the access of the water 
overlayer to the melt pool. It was also found that the crust and melt pool 
separate with sharp decline in the upward heat transfer. The melt pool remains 
hot enough to keep attacking the basemat. 
 
Recently, achieving coolability by injecting coolant water from the bottom of the 
core melt pool has been investigated in the COMET experiments (Tromm et al. 
1993, Alsmeyer and Tromm 1995, Tromm and Almeyer 1995, Alsmeyer et al. 
1998) performed in Germany by Forschungszentrum Karlsruhe.  
 
In this scheme, molten corium material, after release from the RPV, spreads 
onto a layer of sacrificial concrete material (core-catcher) located in the 
containment cavity, ablatively erodes this layer and finally reaches a matrix of 
plastic water injectors buried in this layer. Upon contact with the molten core 
material, the plastic plugs melt and water is injected into the molten corium. 
The driving water pressure is due to the location of the water reservoir at 
higher elevation than that of the containment cavity. In the COMET 
experiments, the melt was found to quench, in a relatively short time, to a 
porous, easily penetrable debris, with continued access of water to the regions 
of the solidified debris. Recently, the mode of the water injection has been 
changed from nozzle to percolation through a layer of porous concrete. 
 

1.1 Accident progression 
When analyzing severe accident progression, one has to identify the 
phenomena occurring during interaction of melt with in-vessel and ex-vessel 
structures and with the coolant. A great number of research programs have 
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been devoted in the last twenty years to resolve relevant phenomenological 
issues and to mitigate and mange a severe accident in the very unlikely event it 
occurs. Usually the experimental approach is coupled with analytical models 
and numerical simulations in order to develop the knowledge base on the 
relevant physical processes and phenomena. In the current work, we focus on 
the ex-vessel melt coolability by bottom injection of coolant. Therefore, in the 
discussions that follow we review the processes that are strictly related to our 
study. In Figure 1 of Appendix D a schematic of the accident progression and 
termination is shown. 
 

1.2 Low pressure corium dispersion 
In the EPR design, a special core-catcher is designed to retain the melt, 
discharged from the reactor vessel. After the reactor pressure vessel lower head 
fails the melt will collect in the reactor cavity. Several experimental programs 
have been performed to investigate the melt release behavior by the ablating 
vessel (Sehgal et al. 1997) and the dispersion in the reactor cavity (Meyer, 
1999).  
Concerning the mitigation of high pressure core melt scenario, the design 
objective of the EPR is to convert a high pressure core melt discharge to low 
pressure core melt discharge, by opening the pressure relief valves of the 
primary circuit, with sufficient discharge capacity to limit the pressure in the 
Reactor Coolant System (RCS) to lower than 20 bar, before reactor pressure 
vessel rupture. The melt will accumulate in the reactor pit, mix with the 
sacrificial material in the pit and from there will be released at a high flow rate 
in the spreading compartment after melting of a steel gate.  
 

1.2.1 Melt spreading into the core-catcher 
In EPR design, after leaving the reactor cavity, the melt flows onto the 
spreading compartment of the core catcher.  
Initially the floor of the core-catcher will be dry so that a better spreading 
efficiency can be obtained. The melt spreading process was the object of an 
intense research program in the EU´s 4th Framework program. Several 
experimental (Engel et al. 1999, Cognet et al. 1999, Steinwartz et al. 1999, 
Sehgal et al. 1998) and analytical studies (Spindler et al. 1999, Withmark 1999) 
have been performed in order to understand spreading mechanism and to 
assess final thickness of the melt layer in the core catcher. For a prototypic 
reactor accident, a layer of melt of approximately 40 cm thickness can be 
expected, if homogeneous spreading of the melt take place over the entire area. 
 

1.2.2 Ablation of the sacrificial layer 
As soon as the corium melt begins to spread on the core-catcher floor, due to 
the high initial temperature it will interact with the sacrificial layer and will 
ablate it. The ablation rate depends on the corium temperature and the 
physical properties of the sacrificial layer. 
The mixture formed by the corium-sacrificial layer interaction has solidification 
temperature lower than the initial corium temperature and viscosity estimated 
in the range 0.1-10 Pa∗s. 
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1.2.3 Coolant injection from the bottom 
As the erosion of the sacrificial layer reaches the nozzles, the coolant water 
starts to enter the melt from below. At first, the inflowing water is evaporated 
immediately and completely due to the great temperature difference between 
coolant and melt. The production of steam creates pressure inside the melt and 
breaks it up. This process is controlled by the evaporation process. As long as 
the melt is in the liquid state, the generated flow channels are not stable, but 
are continuously redeveloped in the turbulent melt movement. The direct water 
contact and its evaporation lead to rapid cooling of the melt which then starts 
to solidify. The processes occurring during these stages will be the main focus 
of the first part of the present thesis. 
 

1.2.4 Long term coolability 
After complete quenching of the melt the long term cooling of the solidified 
decay-heated debris should be guaranteed. The possibility of cooling will 
depend upon the structure of the cooled debris and the distance between the 
nozzles. If a porous structure is formed, as consequence of the solidification 
process and if the distance between the nozzles is properly designed, the 
continuous water inflow will ensure the long term coolability. It is imperative to 
estimate how much melt can be affected by the coolant flow from a single 
nozzle or a pair of nozzles. 
 

1.3 A review of the COMET experiments 

1.3.1 Description of the COMET core catcher 
The design of the advanced EPR includes a spreading compartment of about 
170 m² (see Figure 2 in Appendix D). The cooling device consists of several 
components (Alsmeyer and Tromm 1999).  
 
A perforated flat steel plate, which forms the lower catcher shell, is connected 
to the lower concrete foundation by a double T-section. The perforated plate 
and double T-section are designed against dynamic loads which may occur due 
to steam explosion-like processes during the melt/water interaction. The free 
gap that is generated by the double T-section is connected to the IRWST that 
will supply the coolant water during an accident situation. 
The cooling channels are arranged like a square grid of 80 x 80 mm in the steel 
plate. The height of the cooling channel is around 50 mm. The melting plugs 
which are made of plastic, are equipped with burnable caps at the upper ends 
that are protected against humidity. The diameter of the throttle that limits the 
water inflow into the melt is 5 mm. The melting plugs are inserted into the 
holes of the carrier plate from above and there exist a self-locking by spring 
tongues located on the bottom side of the plate. Sealing against the water from 
below is ensured by an elastic rubber seal. The burnable cup consists of a 
stoichiometric mixture of Mg powder and KclO4 that is pressed to form a pellet 
in a thin-walled aluminum cap. When inserting it into the plastic can, the 
pellet surface is coated with an epoxy resin in order to prevent the penetration 
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of humidity. The burnable cap ignites at a temperature of around 500 o C. MgO 
and KCl are generated under high local heat release without major gas 
emission such that the cup is molten completely and the cooling channel is 
unlocked. 
The cooling device is coated by a ceramic Al2O3 layer. This layer has a height of 
50 mm and is just in line with the upper edge of the cooling channels. 
Above the ceramic Al2O3 layer there is a sacrificial layer of height of about 15 
cm. It is proposed to produce the sacrificial concrete layer from commercially 
available broken borosilicate glass, the composition of which corresponds to 
that of glasses applied for the vitrification of radioactive wastes. The choice of 
the sacrificial layer is done to meet the following requirements: (i) promote the 
spreading of the melt by reducing its viscosity, (ii) dropping the high initial 
temperature of the melt to below 2000 C0 , (iii) ensure the oxidation of the 
possibly present metallic zirconium, so that major structures are prevented 
from being attacked chemically by the metallic zirconium, (iv) binding of the 
fission products in the long term. 
 
Cooling water is supplied from a reservoir above, e.g. from the IRWST. The 
effective cooling water pressure, i.e. the overpressure of the flooding water 
relative to the static pressure of the liquid melt with a height of about 37 cm, 
should be about 0.2 bar or more. The IRWST connection line is opened by a 
temperature-controlled valve which is triggered by high temperature at the inlet 
of spreading compartment. When flooding the gap below the carrier plate, the 
air escapes via an ascending pipe. 
Up till now, five major series of COMET experiments have been performed. In 
Table 1 in Appendix D and in the text below the specific objectives and the main 
findings for each series of experiments are briefly summarized. 
 
In the COMET-T experiments iron and oxide melt in different percentages 
(initial temperature about 1800 C0 ) were used as melt simulants. The decay 
heat was not simulated. Two possible accident scenario are considered: (i) a 
stratified configuration with a layer of the lighter oxide melt located above the 
metallic melt, (ii) an uniform configuration, in which metal is dispersed inside 
the oxide melt due to the strong agitation of the melt by gas release from the 
sacrificial layer. The main conclusion that has been drawn from the transient 
cooling of thermite melts is that the behavior of the pure oxide melts does not 
differ very much from that of the stratified metal and oxide melts as far as the 
coolability is concerned. The average porosity obtained was 30% for the metal 
portion and 50% for the oxide portion. 
 
The COMET-U experiments were performed at the Argonne National Laboratory 
(ANL) in USA and were aimed at investigating the coolability of real corium 
melts with a high content of UO2. The major constituents of the melt are 52% 
UO2, 16% ZrO2, 13% SiO2, 4% CaO and 11% Cr. 
The composition of the oxide fraction corresponds to the situation after the 
erosion of the sacrificial concrete layer. The decay heat was not simulated. In 
this series it was confirmed that corium melts behaved in the same way as the 
thermite melts in the experiments at FZK. 
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The COMET-H experiments were large-scale tests performed with thermite 
melts of up to 1300 Kg. A decay heat of 450 W/m² (surface power density) was 
simulated during the experiments. This value for the decay heat represents the 
highest level of decay heat that has to be managed in the EPR. In some 
experiments, due to the partial or total closure of several nozzles by solid 
debris, the water flow rate through the cooling channels to the far side of the 
melt pool was insufficient to cool some portion of the melt pool. The parameters 
for safe operation of the cooling device were determined. 
 
As the COMET concept is under evolution for plant application, the possibility 
to replace the array of flow channels by a layer of Porous Concrete (see Figure 3 
in Appendix D for COMET-PC) through which the coolant water could be 
supplied to the melt was investigated. Transient experiments have been carried 
out using thermite melts of 54 and 180 Kg with an initial temperature of 1800 
C0 . As the radial erosion of the sacrificial layer was higher than expected, 

flooding started from the side instead of from the bottom and therefore resulted 
in a typical top flooding scenario. Due to the existing sideward bypass for the 
coolant water, cooling of the bottom melt was however incomplete and parts of 
the melt continued downward propagation, resulting in some erosion of the 
porous water-filled concrete layer.  
 
The COMET-PC concept was further developed and modified to the COMET-
PCA cooling concept (COMET Porous Concrete Advanced) to improve the 
cooling of an ex-vessel core melt by water inlet from the bottom. Due to the 
insertion of water channels with a regular pattern in the porous and water 
filled concrete layer, the melt is penetrated homogeneously by the water and 
thereby solidifies rapidly over the whole cooling area. This modified concept 
combines the advantages of the original COMET concept with melt plugs and 
the high resistance of the water filled porous concrete layer of the COMET-PC 
concept (Widmann et al. 2004). 
 

1.4 Other investigations related to the COMET concept 
Other experimental investigations related to the COMET concept have been 
carried out by Klockow et al, (2003) and Bang et al. (2003). In these studies the 
heat transfer and flow stability conditions under which a molten pool quenches 
via coolant injection from below have been characterized. The main objective of 
these studies is to advance the understanding on melt coolability by bottom 
injection and to contribute to the optimization of the COMET concept. 
 

1.5 DECOBI investigations 

 
A research program named DECOBI was initiated and developed in the Nuclear 
Power Safety Division of Royal Institute of Technology. The DECOBI program 
addresses the issue of the ex-vessel debris coolability by bottom injection, with 
an objective to enhance the understanding gained so far from the COMET 
experimental program. Research approach of the present work is to perform 
small scale experiments covering a wide range of parameters. The following 
parameters, which have been identified as the most important in the bottom 
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injection coolability scheme, were investigated: 
 
• geometrical: height of melt layer, diameter of nozzles, flow rate and distance 

between the nozzles; 
• melt properties: viscosity, density, thermal conductivity, specific heat and 

heat of fusion; 
• initial conditions: melt superheat and coolant subcooling. 
 
Part 1 of the thesis is organized as follows: 
In chapter 2 the first series of DECOBI experiments is described. The tests 
employ mostly low temperatures and transparent simulants. The flow patterns 
formed during the melt-coolant interaction is visualized and analyzed. The 
thermal parameters governing the early stage of coolant injection, vaporization 
and dispersion in the liquid pool are identified, modeled and validated against 
the experiments.  
The chapter 3 contains the experimental results and analysis of a series of 
experiments performed at medium (around 600 °C) and high temperature (up 
to 1550 °C) conditions. The coolant used was water and the pool simulants 
were pure molten metal (Pb) and binary oxide mixtures (CaO+B2O3; CaO+WO3; 
MnO+TiO2). The different cooling behavior and porosity formation during 
solidification, for the molten metal and the binary oxide mixture are 
rationalized. Parametric models have been developed to evaluate cooling 
characteristics for the bottom injection scheme, in particular to assess the 
amount of melt that can be cooled efficiently with one nozzle, the cooling 
behavior of non porous debris, the potential for porosity formation and the 
crust formation at the boundary between the porous and the non porous 
regions.  
In chapter 4 the models developed to describe the DECOBI experiments are 
extrapolated to the case of prototypical corium, in order to predict cooling 
characteristics for a hypothetical severe accident. 
 
The Part 1 conclusions are stated in chapter 5. 
 

2 Low temperature experiments 
A series of experiments at low temperatures have been performed in two test 
facilities named DECOBI-LT1 and DECOBI-LT2 (Paladino 2000). 
The objective of the low temperature experiments is to observe for a large 
number of parameter variations, the flow pattern formed during the melt (pool)- 
coolant (dispersed phase) interaction when the coolant is injected from the 
bottom. 
The approach is to start from the pure hydrodynamic case (no phase change) 
and proceed to more complex cases which include dispersed phase 
vaporization and melt pool solidification. 
The following type of experiments were performed: 
 
• single-phase coolant in  liquid pool (no phase change), 
• two-phase coolant in liquid pool (with vaporization), 
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• single-phase coolant in two-phase pool (with solidification), 
• two-phase coolant in two-phase pool (with vaporization and solidification). 
 
The materials used in the experiments are water, paraffin oil and molten salt 
as melt simulants and air, pentane and liquid nitrogen as simulants for the 
coolant. The description of the test section used and the measurements 
procedure are reported in Appendices A and B of this thesis and in Paladino 
(2000). In the following sections the main observations and conclusions are 
reported. 

 

2.1 Single-phase coolant in a liquid pool 
The first series of experiments were performed by injecting air as coolant 
(dispersed phase) in a water or paraffin oil pool, for a wide range of parameters. 
These experiments were performed in the DECOBI-LT1 and DECOBI-LT2 test 
section and focus was placed on the visualization of the flow patterns. 
Sequentially, stages starting from the "single bubbling" and ending in "jet 
formation", at the nozzle exit, were observed. 
In Appendix A are shown selected pictures for water pool, at different flow rates 
and pool layer heights and also are compared the water pool and the paraffin 
oil pool for the same layer thickness, diameter of nozzle and coolant flow rate. 
 
In the case of water pool we arrived at the following observations. At very low 
flow rates, bubbles move sequentially upwards. However, as the flow rate 
increases, they start to coalesce at some distance from the nozzle. As the flow 
rate is further increased, the bubbles from behind capture the front bubbles 
since they get accelerated in the wake behind the front bubbles. They become 
big and accelerate further. The bubble shapes, in general, are irregular as they 
deform due to the low viscosity of the pool. These observations are very similar 
to those reported in literature. For deeper pools, and intermediate flow rates, 
the non-continuous jet shows periodic bending. This phenomenon seems to be 
due to two factors: (i) the pressure of the pool column and (ii) the non-uniform 
size of the bubbles formed by the jet break-up, causes an angular momentum 
in the flow field. For higher flow rates, the bubble-jet stream issuing from the 
nozzle breaks into many small satellite bubbles which are swept away by the 
large scale entrainment in the liquid pool. Note that the transition from the 
bubble regime to the jet regime occurs at a lower air flow rate when the nozzle 
diameter is small. This is due to the high velocity of air at the nozzle exit. For 
high flow rates, the following flow-patterns are observed: (i) above the nozzle 
the bubbles coalesce and rise vertically, (ii) at an intermediate level the coolant 
jet reaches its maximum expansion and periodic bending appears and (iii) in 
the upper part, the coolant hits the free surface and breaks into a cloud of 
small bubbles. 
 
In the case of paraffin oil pool, the bubbles are rounded because of the large 
viscosity of the oil. The elongation along the flow direction, is due to the lower 
bubble joining the upper bubble. The air jet loses much momentum due to the 
higher viscosity of oil, compared to that of the water pool, and hence a more 
regular interface in paraffin oil pool is observed compared with the water pool. 
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At the free surface, for low flow rates, the bubbles hitting the surface do not 
have enough momentum to perforate the surface. For higher flow rates, the 
momentum of the bubbles is enough to perforate the free surface and this 
induces mixing, due to the drops of  pool liquid falling back. Even at the higher 
flow rates, the jet always remains as a stream of disconnected bubbles. 
The pool temperature transient data for four different experiments are reported 
in Paladino (2000). It is observed that in the case of paraffin oil, which has a 
low thermal conductivity, the cooling process is much slower than that for 
water pool. 
 

2.2 Two-phase coolant in liquid pool 
The process of direct contact coolant vaporization was studied by injecting 
liquid pentane in a pool of water or paraffin oil. 
 The pool temperature was kept at either 75 C0 or 95 C0 , and the 
corresponding superheat with respect to the pentane saturation temperature 
was, 39 C0

 and 59 C0  respectively. The pentane was injected at room 
temperature, and the injected flow rates was in the range from 0.3 lit/min to 
1.7 lit/min. 
The main parameters of the study were: 
• the height reached in the pool by the subcooled pentane to increase its 

temperature from the initial temperature to the saturation temperature (see 
Figure 4 in Appendix B); 

• the expansion characteristics for the pentane during the boiling process (see 
Figure 4 in Appendix B); 

In Appendix B figures containing selected frames of the experimental 
observations are shown.  
 

2.3 One-phase coolant in two-phase pool 
A series of experiments was performed injecting air coolant in a pool of non 
eutectic molten salt: 80% NaNO3 - 20% KNO3 (solidification temperature: 220 
C0

 melting temperature: 278 C0  and density of 1880 kg/m³). 
The experimental conditions are reported in Paladino (2000). The main purpose 
of these experiments was to observe if it is possible to produce porosity in the 
salt debris during its solidification by injecting a coolant, which does not 
undergo a phase change. 
The solidified salt debris had a structure showing that the porosity formed 
inside the solidified cake is low and non-uniform. Two main regions are 
delineated: 
A central portion above the nozzle is with very low porosity. It is possible to 
observe some small interconnected channels developing inside. 
The upper layer of the plate is with a high and fine porosity. 
This porosity is not interconnected and is probably due to the splashing of the 
salt at the free surface. An example of temperature transient is reported in 
Paladino (2000). The cooling of the salt is relatively slow due to low cooling 
efficiency for the air. The thermocouples at different locations indicate that 
after the solidification of the melt, its temperature remain near to the 
solidification temperature, showing no quenching.  
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2.4 Coolant vaporization and melt solidification 

In order to observe and visualize the simultaneous processes of coolant 
vaporization and pool solidification, liquid nitrogen was injected in a water 
pool. The injection of the liquid nitrogen was quite problematic due to the rapid 
ice formation inside the nozzle pipe during the early stages of the injection 
process. 
The nozzle internal diameter during these experiments was reduced to 3 mm to 
have the nozzle filled with the coolant completely. The nozzle was kept 
horizontal through a lateral sidewall of the test section in order to decrease the 
possibility of water filling the coolant line and solidifying, thereby, obstructing 
the coolant passage. The initial pool layer thickness was 20 cm, and the 
coolant flow rate 0.2 lit/min.  
In the early stages of the pool-coolant interaction the vaporization process 
occurs as for the case water-pentane and the pool temperature decreases 
uniformly. 
As the solidification temperature is approached, the ice forms at the nozzle exit. 
The solidification develop around the coolant path and a channel of 3-4 cm 
forms (see Paladino 2000). The coolant pressure perforates the channels at 
different positions so that a new path forms for the coolant. From the new 
path, new channels develop and branch out. 
 
Since the ice density is less then that of water, when some pieces of branched-
ice were detached from the nozzle they started to float in the water surface. 
Hence, the solidification occurs by accumulation of the small pieces of 
branched ice.  
 

2.5 Analysis of low temperature experiments 

2.5.1 Modeling for coolant phase change 
The process of direct contact heat transfer between two fluids, where one of 
them evaporates while rising into the other has been studied before and a large 
number of results has been reported in the literature. 
Many industrial applications e.g. geothermal heat recovery, sea water 
desalination, waste heat recovery and energy storage systems (Seguini et al. 
1983, Tadrist et al. 1985) are based on the direct contact boiling of a volatile 
coolant. 
 
To explain the coolant rising and boiling behavior in our experiments, 
performed with water and paraffin oil as pool and pentane as coolant, we follow 
the modeling approach available in the literature (Celata et al. 1995 and Celata 
et al. 1999) developed for experiments performed on direct-contact evaporation 
of R 114 in water. The derivation and application of the model for the DECOBI-
LT experiments are reported in Appendix B and will not be repeated here. 
Below are described the main assumptions and conclusions. 
The following assumptions and simplifications are made in applying the model 
for the pool-coolant system.  
It is assumed that the liquid coolant jet remains continuous until it is a 
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saturated liquid, breaking then into drops that start to evaporate separately. 
The height necessary for the coolant to pass from the initial temperature to the 
saturation temperature needs to be calculated. During this stage the jet is 
considered as a cylindrical fluid element. The heat transfer coefficient from the 
pool to the coolant is described through a correlation based on the Stanton 
number. The cylindrical element will undergo minor changes in diameter while 
rising in the pool. 
As the saturation temperature is reached, the coolant will break to form drops 
of saturated liquid that will start to evaporate as they rise further in the liquid 
pool. From here onwards, the drop is assumed to be spherical. The initial 
diameter of the drop is assumed in this study to be the same as the nozzle 
diameter. 
The evaporation of the droplet during the rising process in the pool is described 
through a correlation between the Nusselt and the Peclet number. The time-
dependent expression for bubble volume, while rising in the pool, was derived 
from an energy balance written for the bubble, accounting for mass 
conservation, and by integrating, using a correlation for the bubble rising 
velocity and with the vapor inside the bubble. 
The average expansion angle is derived by pure geometry, from the increases in 
volume, due to the vaporization, of the drops while rising in the pool from the 
initial stage (saturated liquid) to the final stage (saturated vapor). The results of 
this analysis are expressed in the equations (2) and (3) in appendix B (for a more 
detailed derivation see also Paladino 2000). 
From the analysis performed in Appendix B, we derive that the expansion for 
the coolant (phase-change) while rising in the pool is a function of the 
properties of the pool, the pool-coolant temperature difference and the latent 
heat for the coolant. In Tables 1-2 and 3 in Appendix B the experimental 
conditions for the case of pentane (coolant) and water and paraffin oil (pool) are 
reported. The model predictions are in quite good agreement with the 
experimental results.  
 

2.6 Summary of results 
In this chapter the results of the low temperature experiments are described. 
These experiments were performed for a range of parameters in order to 
visualize the pool-coolant flow pattern, to gain understanding of the heat 
exchange process and to obtain the volume of the pool that could develop 
porosity on freezing.  
First a series of experiments was performed by injecting single-phase coolant in 
liquid pools of different viscosity. The specific objective was to observe, for a 
number of parameter variations (nozzle diameter, flow rate, melt layer 
thickness) the flow pattern formed during pool-coolant interaction. These 
experiments showed that the expansion of the coolant, the mixing and the 
cooling of the pool are strongly dependent on the viscosity and conductivity of 
the melt pool. Another series of experiments was performed injecting two-phase 
coolant in liquid pools of different viscosities and superheats. The coolant flow 
rate was varied and these experiments were analyzed with a combination of 
different models. The experiments show that for relatively large pool-coolant 
temperature differences the vaporization begins close to the nozzle exit. 
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The evaporation process which permits an expansion of the coolant bubble is 
modeled as function of the pool properties (conductivity, specific heat), coolant 
latent heat and pool-coolant temperature difference.  
The models used in this chapters are based on a thermodynamic approach and 
aim to describe the direct contact heat transfer between the melt pool and the 
coolant in the bottom injection geometry. They describe the coolant rising in 
the pool until complete vaporization. For the case of the high temperature melt 
the vaporization will occur very close to the nozzle exit.  
Separately a series of experiments was performed by injecting gas coolant in a 
pool of molten salt. The solidified debris shows a low and non uniform porosity. 
It is believed that in order to obtain large amounts of porosity in the debris, the 
melt has to be quenched by the phase change of the coolant and hence coolant 
phase change is important. 
Finally a series of experiments was performed to observe the simultaneous 
processes of coolant (liq. N2) vaporization and pool (water) solidification. Owing 
to the simulants used, the solidification of the coolant occurs rather slowly. 
When the pool reaches the solidification temperature, the ice begins to form at 
the nozzle. The ice forms as a pipe around the coolant flow pattern. The ice 
formed breaks at different locations and new coolant flow pattern can forms, 
like branches of a tree. 
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3 Medium and high temperature experiments 

A series of experiments was performed at medium ( ≈  600 C0 ) and at high 
temperature ( ≈  1100-1550 C0 ) conditions. The coolant used was water and the 
pool simulants was pure molten metal (Pb) and binary oxide mixtures (CaO-
B2O3, CaO-WO3 and MnO-TiO2). The difference in cooling behavior and porosity 
formation during solidification, between the molten metal and the binary oxide 
mixtures are rationalized. Parametric models have been developed to evaluate 
cooling characteristics for the bottom injection scheme, in particular, to assess 
the amount of melt that can be cooled efficiently with one nozzle, and to assess 
the cooling behavior of less porous debris. 
 
The main objectives of the DECOBI-MT and HT are, 
 
• to verify whether it is possible to obtain a uniform interconnected-porosity in 

the melt pool, 
• to determine the effect of melt material properties on the formation of the 

interconnected porosity in the melt pool,  
• to show that with the aid of the bottom injection scheme, it is possible to 

quench the melt and, 
• to obtain experimental data for further modeling and assessment of the 

prototypic scenario.  
 
A schematic diagram of the experimental setup used in both MT (Medium 
Temperature) and HT (High Temperature) experiments is shown in Appendices 
C and D. After each experiment, the DECOBI test section was carefully 
dissembled for observing the solidified debris. The regions cooled by the 
passage of the coolant were distinguished and then estimated. After the debris 
were removed by the test section the number of the nozzles that were 
obstructed due to the melt injection were checked. The average porosity after 
the solidification process was estimated from the change of the melt height 
from before cooling to after cooling. 
The thermo-physical properties of the simulants employed are reported in 
Appendix D and are compared to the corium properties as given by Okkonen 
(1998) and Asmolov et al. (2000). 
 

3.1 Result from DECOBI-MT experiments 
Two DECOBI-MT experiments were performed using molten metal (Pb) as melt 
simulant and water as coolant. In the first experiment 48.5 Kg of liquid lead 
was poured inside the test section. The melt temperature inside the SiC 
crucible before the pouring was about 550 C0 . There was no sacrificial cover 
for the nozzles in this test. The coolant water was injected almost simultaneous 
to the pouring process. Due to the intense melt-coolant interaction, the lead 
solidified and cooled down quickly. The post test examination of the debris 
showed that about 5.5 kg of debris were expelled to the upper plenum of the 
test section. This portion of debris solidified with a high porosity. The porosity 
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measured for rest of the debris was around 20%. There was a cavity present in 
the debris that occupied about 6% of the volume, and presumably this was 
created by steam jetting out from the closest nozzle. After the test, only two 
nozzles were found to be fully open, one nozzles was completely closed and the 
other two partially open. 
 
In the next experiment, about 68 Kg of molten lead were poured inside the test 
section. The nozzles were initially covered with a sacrificial cups made of Pb-Bi. 
The coolant water was injected at room temperature. The nozzles were found to 
open themselves 4-5 sec after completion of the pouring. Again, due to the 
intense melt-coolant interactions about 20 kg of lead was ejected to the upper 
plenum of the test section. This part of the melt solidified with a high porosity 
(see Figure 6 of Appendix D). The melt solidified very quickly and the cooling of 
solidified debris was very rapid (see Figure 7 of Appendix D). 
 
The experiments, with a metallic melt suggest that intense melt-water 
interactions may take place, owing to high conductivity of the melt. Also, the 
melt temperature may not be high enough to preclude nucleate boiling. The 
porosity observed was relatively high in the upper portions of debris. Part of the 
debris was “cemented” into a continuum of hard, though porous material. 
 

3.2 Results from DECOBI-HT experiments 
A total of twenty experiments were performed using water as coolant and the 
three oxide mixtures CaO-B2O3, CaO-WO3 and MnO-TiO2 as the melt simulants 
for corium. With the use of these three binary oxide melts, we have attempted 
to simulate the prototypic conditions in which UO2-ZrO2-Zr melt, which 
initially has very low porosity and ceramic structure, ablates the concrete, 
resulting in mixing of the glass-forming SiO2 in the melt pool, to change its 
structure to that of a glass-type material with substantial increase in its 
viscosity. 
 

3.2.1 CaO-B2O3 as melt simulant 
A total of fifteen experiments were performed using water as coolant and the 
binary oxide mixture 30wt%CaO-70wt%B2O3 as the simulant melt for corium 
Table 3 of Appendix D lists the experimental conditions for each experiment 
and also some of the main experimental results.  
The main parameters that were varied are the coolant flow rate and its 
temperature, the number of injection nozzles and the melt volume (or the layer 
height). The results are organized in two categories as one-nozzle experiments 
and five-nozzle experiments. 
 

3.2.1.1 One-nozzle experiments 
Five experiments (CB1, CB2, CB13, CB14 and CB15 in Appendix D) were 
performed with coolant injection from the central nozzle only. In all of these 
experiments a small piece of debris from the previous experiment was used as 
sacrificial layer on the nozzle. 
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The CB1 was a scoping experiment to test the instrumentation. The post-test 
cross section of the debris from the CB2 is shown in Figure 8 in Appendix D. 
The results indicated that there were two distinct regions present in the 
solidified debris. In and around the coolant flow, the melt was quenched 
rapidly and the debris looked darker. The surrounding region which looks 
bright cooled quite slowly. 
Figure 9 in Appendix D shows the temperature history for the two main regions 
of the solidified debris, viz, the quenched region close the nozzle and the 
surrounding slowly-cooled region. The coolant flow rate was varied among the 
experiments CB13, CB14 and CB15. The initial volume and height of melt were 
almost the same for each of these three experiments and were approximately 
twice that of CB12. It was found that for low coolant flow rates (CB13 and 
CB14) the evaporation process occurred in an “eruptive way” and a portion of 
debris was finely fragmented and was partially expelled out of the test section. 
The post-test debris showed again the formation of a quenched region above 
the nozzle and fine porosity in the upper portion (see Figure 11 in Appendix D). 
The experiment CB15 was performed by injecting the coolant at higher flow 
rate. In this experiment, intense melt-coolant interactions leading to eruptions 
did not occur. It seems that at low flow rates, a water accumulation occurs in 
the lower part of the melt and a steam spike results in pushing part of the melt 
upwards, and fragmenting it in this process. Figure 10b in Appendix D, shows 
the pressure spike at low flow rates which is due to water accumulation and 
subsequent eruption creating the flow path. At higher flow rate (>0.4 
lit/min/nozzle), the coolant creates its flow path through the melt, without 
generation of excessive steam (Figure 10a in Appendix D). Somewhat less melt-
water contact occurs and there is a greater fraction of melt volume which 
remains unquenched (Figure 12 in Appendix D). 
 

3.2.1.2  Five-nozzles experiments with cold water as coolant 
A total of height experiments (CB3, CB4, CB7, CB8, CB9, CB10, CB11 and 
CB12 in Appendix D) were performed injecting cold water through all the five 
nozzles into the melt. As before, each nozzle was initially covered at the top by 
a small piece of debris from the previous experiments. 
The salient results from these experiments are, 
The post-test observations of the debris (see Figure 13 in Appendix D) show a 
highly porous region, above each coolant nozzle and a non-porous region 
surrounding these porous regions. 
The measured temperature history indicated rapid solidification and, then, 
quenching of the melt, to near saturation temperature of the coolant, in the 
regions above the nozzle exit, extending around 3 cm (see, for example, 
thermocouple TC1 in Figure 15 in Appendix D from the experiment CB8). The 
adjacent region cooled slowly by conduction to the surroundings (as shown by 
thermocouple TC2 in Figure 15 in Appendix D). 
The average pressure reading indicated an initial peak of overpressure due to 
the steam formation in the coolant path and then the pressure decreased to 
0.1-0.2 bar (depending on the coolant flow rate), once the paths are created for 
the flow (Figure 16 in Appendix D). 
The average porosity measured, by the increase in volume after solidification, 
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was about 20-40%. The porosity (see Figure 13 in Appendix D) in the upper part 
of the debris was uniformly distributed. Large interconnected holes were found 
in the debris, formed possibly due to the sloshing of the melt-coolant 
interactions. In the lower part of the debris the formation of an interconnected 
channel like structure was noticed. As shown in Figure 13 in Appendix D, this 
region, extending radially away from the nozzles, is darker due to the rapid 
solidification. Outside this region the debris appears brighter and has 
practically no porosity. These regions seem to have had no contact with the 
coolant. These observations are quite similar to the observations made from the 
single nozzle experiments.  
 
When the coolant flow rate was varied, a tendency similar to that observed in 
the one-nozzle experiments was found. In these experiments, for intermediate 
coolant flow rates (0.3-0.4 lit/min/nozzle) branched channels were formed 
inside the debris, while for higher flow rates, the coolant traverses the melt 
pool rapidly and the expansion due to the phase change (which cause the 
formation of channels) is less pronounced. As shown in Figure 16 of Appendix 
D (compare it with Figure 10b in Appendix D), the experiments performed at a 
flow rate of 1.6 lit/min into five nozzles, the steam accumulation resulted in a 
eruption of the coolant and subsequent well mixing of the pool in the upper 
part (see Figure 14 in Appendix D). Large interconnected holes are also seen in 
many parts of the debris.  

3.2.1.3 Five-nozzles experiments with hot water as the coolant 
The experiments CB4 and CB5 (Appendix D) were performed injecting hot water 
(90 C0 ) in the superheated melt. The following characteristic events were 
observed from these experiments. 
In both of the experiments, quenching of any portion of the melt did not occur 
and the coolability of the solidified debris proceeded very slowly (Paladino et al. 
1999). 
The pressure during the injection was undergoing large oscillation, probably 
due to high steam generation in the coolant line itself, since the temperature of 
the coolant was near its saturation temperature. 
The post-test cross section (see Figure 17 in Appendix D) showed that the 
porosity formed, did not spread radially sufficiently, or in other words, a large 
fraction of the melt did not come in contact with water and cooled slowly by 
conducting heat to the small regions where porosity was formed and water flow 
was maintained. 

 

3.2.2 CaO-WO3 and MnO-TiO2 as melt simulants 
A total of six experiments were performed with CaO-WO3 and MnO-TiO2 as melt 
simulants (see Table 4 in Appendix D). The melt simulants CaO-WO3 and MnO-
TiO2 are ceramic-type oxides where CaO-B2O3 is a glass-type oxide. The 
viscosity of CaO-B2O3 near its liquidus is much higher when compared to a 
ceramic-type oxide melt and increases rapidly with cooling. In the experiments 
with MnO-TiO2, whose melting point is the highest among the three oxide 
simulants that we used, an intense melt coolant interaction resulted in some 
part of the debris getting thrown out of the test section. In all the six 
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experiments, the pressure history indicated an over-pressure of only 0.1-0.3 
bars (see Figure 21 in Appendix D) and there was no indication of an “eruption” 
as found in some cases with CaO-B2O3. The post-test cross section of the 
solidified debris showed a different morphology compared to that obtained with 
CaO-B2O3. All the thermocouples contacting the melt (see Figure 20 in 
Appendix D) at different position show rapid solidification and quenching, in 
about 49 sec. The post test examination of the solidified debris (Figure 18 and 
19 in Appendix D) shows the formation of a well-distributed porosity, estimated 
to be about 40%. 
 

3.3 Analysis of high temperature experiments 
The analysis performed for the high temperature experiments aims to obtain 
information on the channel formation observed in the experiments with CaO-
B2O3 melt simulant, on the potential for porosity formation in the melt-debris, 
on the crust formation at the boundary between the porous and non-porous 
regions and on the coolability by conduction for the non-porous regions of the 
debris. The assumptions in the models are based on the observations obtained 
in the experiments performed. The detailed description of the models developed 
in the analysis is reported in Appendices D and are not repeated here. In the 
following sections we describe the main assumptions and conclusions. 
 

3.3.1 Modeling of the porous region  
According to the observations made in the experiments with CaO-B2O3 oxide as 
melt simulant the solidified debris had two distinct regions, viz,  
A branch-channeled region (grey) in which a number of branched channels 
with diameters of the same order of magnitude as the nozzle diameter, are 
distributed across and this region was quenched. 
A non-porous region (white) in which direct contact of the coolant with the melt 
did not occur and it solidified quite slowly. 
In the analysis reported in Appendices D an energy balance between the 
coolant and the melt is performed for the branched regions and an expression 
to determine this proportion in the solidified debris is obtained.  
The schematic representation of the solidified debris is shown in Figure 22 of 
Appendix D. The distance between the nozzles is the sum of the widths of the 
non-porous and the branched regions. 
 
The coolant expansion inside the melt, due to its phase change results in an 
increase in the interfacial contact area with the melt, and due to this effect, the 
convective heat transfer becomes very effective. The following steps are 
considered in the models, 
The energy removed by the coolant is calculated taking into account, (1) the 
heat needed to bring the coolant from the injection temperature to the 
saturation temperature, (2) the heat of vaporization and (3) the heat transferred 
to vapour while rising in the melt layer.  
For conservation of energy, the above term is equated to energy removed from 
the melt, which is expressed by introducing a factor (“multiplication factor for 
channels”) which accounts for the increased interfacial area, due to expansion 
by phase change. The multiplication factor can be interpreted as an average 
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number of channels, of sizes comparable to the injection nozzle and height 
equal to the melt layer height, that are formed inside the solidified debris. 
The heat transfer between melt and coolant is considered analogous to gas 
from a high temperature vertical surface. The heat transfer coefficient is 
calculated with a correlation derived by Chu (1983) for turbulent film boiling 
on a vertical surface. 
Once the multiplication factor for channels is known, the next is to determine 
the distribution of these number of channels in the quenched portion of melt. 
This will, in turn determine the span of the branched channels region, which is 
the primary objective. A simple way is to use the information on porosity 
obtained from the experiments. The result of this first approach is the equation 
(6) in Appendix D.  
Another approach to determine the distribution of these number of channels in 
the quenched portion of the melt is developed by considering the analogy with 
the formation of channels observed in the top flooding coolability regime. 
Stubos and Buchlin (1994) explained that the channel formation was due to 
the fact that large amount of vapour generated suddenly resulted in a boiling 
lift, in a piston-like manner, in the upper part of the bed, and resulted in 
formation of channels-like structure in the overlying bed. They found that the 
number of channels formed and their distribution is optimized to minimize the 
pressure drop requirements, while their final lateral length is determined by 
factors that are functions of the bed and of the fluid characteristics. The 
channel density, which is defined as the number of channels randomly 
distributed per unit cross-sectional area (see Figure 23 in Appendix D) of the 
bed was found experimentally by Jones et al. (1984) and it depends very weakly 
on the bed height. The expression for the channel density is expressed in 
function of a modified critical Taylor wavelength as given by Zuber (1958). An 
other estimate for the extent of the branched portion is obtained combining the 
new distribution factor, based on the channel density theory, and the 
multiplication factor for channels. The final expression obtained is the equation 
(9) in Appendix D. 

 
The values of the parameters used to calculate the variables of the models are 
reported in Table 5 in Appendix D and it is seen that the values obtained by the 
models are close the values measured in the experiments from the debris. 
 

3.3.2 Modeling of non-porous regions 
As stated in the previous section, the bottom injection scheme for each nozzle 
resulted in a region with porous debris and another with non-porous debris. 
Also the temperature data from the five nozzle cold water experiments indicates 
a slow cooling down of some regions of melt. The reason for these different 
cooling rates is that the coolant contacts only a portion of the melt and the 
other regions of the solidified melt are not quenched. 
The analysis of the coolability of the non-porous region is reported in 
Appendices C and D.  
The non porous region has a span given by the equation (10) in Appendix D and 
it would lose heat only by conduction to the coolant passing through the 
adjacent channels. To estimate the cooling of the non-porous region, the 
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unsteady conduction equation, with or without heat generation included, was 
solved with appropriate boundary conditions, to account for the heat exchange 
with the adjacent coolant flow. Since the problem is axi-symmetric, only one-
half of the domain is considered. 
The heat transfer from the sides, to the coolant in the channels, is represented 
by a convective boundary condition with h the heat transfer coefficient 
associated with the heat removal. 
The expression for the temperature change due to the coolant passage on its 
side was obtained by following a technical approach indicated by Arpaci (1966) 
and the result are the equations (15), (19), (24) and (27) in Appendix D.  It is a 
function of the width of slowly cooled region, the decay heat generation and the 
melt properties. The results from this analysis can be used to assess the long 
term coolability.  
Comparison of the results from DECOBI-HT are presented in Figure 24 in 
Appendix D. Decreases in temperature of the solidified debris due to the 
continuous passage of the coolant in the adjoining regions is predicted quite 
well by the model. The nature of the cooling or the shape of the cooling curve, 
which depend on the flow rate is also predicted well. The results for the corium 
case in order to assess the prototypic scenario are reported in the next section. 
 

3.4 Summary of results 
Medium and high temperature experiments were performed in the DECOBI 
program to determine the possibilities of quenching the melt and solidifying the 
molten material with sufficient porosity so that long term coolability can be 
assured. In the present experiments, the coolant was injected from bottom. 
The experiments performed with pure molten metal as a medium temperature 
pool simulant demonstrated that, due to the intense heat transfer between the 
pool and the coolant the melt solidified and quenched promptly. The highest 
porosity was in the upper part of the debris. These experiments showed that 
material properties and the melt temperature play an important role in 
formation of porosity. It is believed that the high conductivity and low latent 
heat of the melt, together with its low viscosity, lead to rapid solidification and 
high pool-coolant mixing, which are the causes of the “fine porosity” observed 
in the debris. 
The experiments performed with binary oxide mixtures (CaO-B2O3) as a high 
temperature melt simulant demonstrated different cooling characteristics 
compared to the molten metal and a different morphology for the porosity in 
the solidified debris. A portion of debris around the nozzle directly interacted 
with the coolant and quenched with high porosity in the form of branched-
channels. The remaining portion of the debris did not interact with the coolant 
and solidified without any porosity. This non-porous portion cooled down 
slowly, later by conducting heat to the adjacent cold regions where water was 
flowing. 
A method of analysis has been developed to assess the extent of the 
distribution of the branched channels structure in term of coolability 
parameters. This involved modeling of heat transfer to the coolant from the 
melt and making use of the information on the porosity from the experiments. 
Upon substituting the values of porosity obtained from the experiments, this 
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method could predict the spread of the porosity regions in the debris. 
The cooling of non porous portion of the debris was estimated by solving the 
unsteady heat conduction equation with the appropriate boundary conditions. 
The high temperature experiments performed by injecting nearly saturated 
coolant yielded low porosity and quenching of any part of the debris was not 
accomplished. 
The experiments performed with CaO-WO3 and MnO-TiO2, both of which have 
ceramic type structure, with low conductivity and relatively low viscosity show 
a good mixing with the coolant and the formation of a uniform porosity in the 
solidified debris. 

4 Melt coolability in a prototypic scenario 
In this section, the coolability of the liquid melt pool that may form in a 
proptypical severe accident scenario is analyzed with known coolability 
mechanisms. 
 

4.1 Time to solidify a melt pool 
In a proposed design, the water supply system is to be buried in a sacrificial 
concrete. The water can be injected into the melt pool only after part of the 
sacrificial concrete layer is ablated. Water can also contact the melt pool from 
top, if top flooding cooling scheme is also employed. Figure 25 in Appendix D 
represents the scheme of such a cooling process. 
The energy balance for coolability and quenching of a melt pool is expressed in 
equation (28) in Appendix D considering,  
 

• the energy that is removed to solidify the unit mass of melt and the decay 
heat produced by the melt which depends on fuel content, accident 
scenario and time after the accident. 

• The right hand side of equation (28) in Appendix D is made up of different 
heat transfer coolability mechanisms named: (i) the heat removed by the 
bottom injection coolant which is a function of the flow-rate, residence 
time, melt pool height and cooling efficiency.  (ii) Heat removed by the top 
coolant layer. Two cases are considered. A dry case (no water over layer) 
or a wet case (water over layer) is considered (Bui 1998). In the first case 
the heat is removed by radiation and in the second case the heat is taken 
out from the top surface of the crust layer through film boiling and 
radiation. (iii) Heat lost by corium to the underlying concrete. This term 
is expressed following the Bradley (1988) model. 

The time scale for the complete solidification of the melt is then obtained and 
the result is the equation (38) in Appendix D.  
 
Figure 26 in Appendix D shows the plot of the solidification time scale for the 
case of corium and the case of the oxide mixture (CaO-B2O3). It should be 
noted that the tendency is similar for both materials and a sharp difference 
appears only at very low coolant flow rate due to higher values of heat of fusion 
and specific heat for the oxide mixture which yields longer solidification time. 
The concrete will ablate even after the nozzles are open, until the melt drops in 
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temperature to below the concrete ablation temperature (which is 1100-1300 
C0 ). 

In the analysis performed in Appendix D the decay heat generated by the melt 
is also compared with the heat removed by the injected coolant. The scenario 
assumes that the nozzles are embedded in the core catcher in a square grid 
with a separation of 8 cm, the melt layer thickness is 25 cm, having a porosity 
of 30% due to the bottom coolant injection, the average decay heat is 1 
MW/m³.  To calculate the heat removed by the coolant is considered a coolant 
flow rate of 0.5 Kg/min/nozzle is considered. It was found that the energy 
removed by the coolant injected is much higher than the decay heat generated 
by the corium, and there is no doubt that, from heat transfer point of view, the 
corium will be quenched. 
 

4.2 Non porous region coolability 
The analysis of the non-porous region was extended to evaluate the effects of 
local heat transfer coefficient and the effective nozzle distance. A situation can 
arise where some nozzles do not open (as found in the experiments) and the 
effective distance between two working nozzle become large. 
As seen in DECOBI-HT experiments during the melt-coolant interaction only a 
region of the melt about 5-6 cm diameter interacted directly with the coolant 
and solidified into a porous debris. The remaining regions of the debris did not 
demonstrate any porosity and in the long term they will be cooled by 
conduction heat transfer to the porous regions which gets continuous passage 
of the coolant flow. 
 
The effect of heat transfer coefficient, between coolant in the branched channel 
region and the non-porous is shown to be negligible in Figure 27 in Appendix D. 
The temperature history of the solidified debris shown in Figure 28 in Appendix 
D for a location at the center line between two nozzles and the decay heat is 
kept at 1 MW/m³. The effect of the nozzle pitch is shown. 
It should be noted that the choice of the distance between the nozzles is 
important for the effective stabilization of the hot corium melt and how, for a 
large extent of the non porous region, the cooling by conduction would proceed 
slowly. In this case, this region of melt pool (or debris) may keep ablating the 
concrete. 
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5 Summary and conclusions of Part 1 
Part 1 of this thesis presents the experimental results obtained and analysis 
performed in a research program named DECOBI, developed at RIT/NPS to 
investigate ex-vessel melt coolability by coolant injection from bottom of the 
melt pool. 
 
In the low temperature (DECOBI-LT) experiments the coolant-pool interaction 
characteristics were visualized for a wide range of experimental conditions. The 
pool viscosity has been shown to have little effect on the height needed by the 
coolant to reach the saturation temperature. The subsequent pool-vapour 
mixing is dependent on the pool viscosity. The pool conductivity affects the 
cooling rate. The phase change process of the coolant was found to be 
parametrized by the height needed for vaporization, expansion angle after 
vaporization, and the vaporization time scale. The models used to predict these 
parameters of interest were in a good agreement with the present experiments. 
The analysis provided in chapter 2 does not treat the melt solidification. This 
analysis, applicable to the low temperature experiments should provide the 
lower bound for the volume of melt that could be made porous. It is expected 
that the vapor jet will create a large zone of porosity which will ensure 
coolability with bottom injection. 
The study on porosity structure formation during the solidification of the pool 
was performed by injecting liquid nitrogen into water. The solidification (ice 
formation) begins at the nozzle around the coolant path and was found to 
develop slowly in a branched way. 
In the medium temperature (DECOBI-MT) experiments the melt-coolant 
interaction characteristics were investigated with a pure molten metal pool. In 
the high temperature experiments (DECOBI-HT), binary non-eutectic oxides 
were employed whose compositions were chosen to simulate the corium (UO2-
ZrO2) as closely as possible. 
The low viscosity and high conductivity of the liquid metal allowed mixing of 
the coolant with the melt and high rates of heat transfer. As a consequence, 
the solidification occurred quickly and high steam pressure was generated in 
the test section. The upper portion of debris had higher porosity in comparison 
to the lower portion. 
The first set of high temperature experiments (DECOBI-HT) employed CaO-
B2O3 melt which has a glass type structure with low conductivity and high 
viscosity. Later experiments were performed with the binary oxides mixtures 
CaO-WO3 and MnO-TiO2, both of which have ceramic type (similar to UO2-
ZrO2) structure, with low conductivity and relatively low viscosity which does 
not increase greatly as the melt superheat decreases and when the 
temperature decreases below the liquid temperature. With the use of these 
three binary oxide melts, we have attempted to simulate the prototypic 
conditions in which the UO2-ZrO2 melt, which initially has very low viscosity, 
ablates concrete, resulting in mixing of the glass-forming SiO2 in the melt pool, 
which changes its material structure and increases its viscosity greatly. 
The data obtained from the high temperature experiments with ceramic 



Doctoral Thesis – Investigations on Passive Safety Systems in LWRs 

 

 

34

structure melts show that for the low viscosity binary oxide melts there is 
substantial mixing of the melt with the coolant. The high temperature and low 
conductivity lead to film boiling, fragmentation and solidification of the melt 
pool and creation of highly porous (40 to 50 %) debris. The melt is quenched 
quite readily. The cooling scenario is similar to that for coolability of the 
metallic melt, however much more benign and the pressure fluctuation due to 
steam formation and quenching are not very violent. 
Contrary to the complete coolability and quenching obtained for the high 
temperature ceramic type low viscosity melts, the CaO-B2O3 melt pool cooled in 
a channel-like volume above each open nozzle where the coolant came in 
contact with the melt and solidification and quenching took place. The regions 
of the melt beyond the channel did not come in contact with coolant and those 
regions cooled down slowly. The post-test examination showed that substantial 
porosity was created in the channel regions but very little in the other regions. 
The melt in the non-channel regions cooled by conduction to the cooled 
regions. This was modeled in the analysis by the unsteady heat conduction 
equation and the cooling rate of the unquenched regions of the melt was found 
to be described quite well by this analysis. It was found experimentally that the 
cooled and porous channeled region extended 2.5-3 cm around each nozzle. 
When the flow rate was decreased, the melt-coolant interaction was found to be 
more energetic and resulted in an eruptive ejection of the melt from the test 
section. This leads to the creation of high porosity at the upper portion of the 
debris. 
 
Considering the prototypic case of cooling and quenching a large corium pool 
with bottom injection of water, it appears that the melt pool will be much easier 
to cool, solidify and quench if water is delivered as early as possible so that as 
few concrete products are mixed in the melt as possible. However, even later 
on, if the pitch of the delivery nozzles is kept below 8 cm, and the nozzles 
remain open melt could be quenched and the accident stabilized. 
The melt viscosity seems to play an important part in the bottom coolant 
injection phenomenology. Low viscosity melts mix more easily with the 
vaporized coolant and would quench earlier. This would also lead to high steam 
pressures.  
Creation of porosity in the melt by the generation of vapor and its radial and 
axial movement due to the local pressure generation appears to be the 
controlling mechanism of coolability. The continued accessibility of the coolant 
in these porous regions leads to melt coolability, solidification and quenching 
to the coolant temperature. The regions of melt which do not get in contact 
with coolant are cooled by heat conduction to the regions which are in contact 
with the coolant. By provision of a large number of nozzles, bottom injection 
ensures that (a) there are large regions of melt which are quenched; (b) there is 
a large surface area for conducting heat away from the uncooled regions of the 
melt to the cooled regions. These two factors provide the success of the melt 
coolability with bottom injection of coolant.
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Part 2: Light gas effects on a passive containment cooling system 

6 Introduction to Part 2 
A key, among other, feature of Advanced Boiling Water Reactors is the 
provision of simple passive cooling systems for long-term decay heat removal 
from the containment and to mitigate containment pressure build-up. These 
systems are working during design-basis as well as severe accidents. 
Boiling in the core of a BWR occurs during normal power operation, plant 
transients, accidents and even after shut down due to the decay heat 
generation. The steam provided, if discharged to the containment, e.g. in LOCA 
or severe accident raises the containment pressure. The BWR employs 
suppression pools to condense the steam and keep the containment pressure 
below the containment design pressure level. The Passive Containment Cooling 
System (PCCS) supplements the suppression pools and provides additional 
long-term condensation capability. The PCCs are connected to the Drywell 
(DW) and to the Reactor Pressure Vessel (RPV) on two ends, so that any steam 
that leads itself into the PCC is condensed and the condensate is returned to 
the RPV to keep the core covered with water for cooling. 
 
It should be noted that condensation of high-temperature steam is an 
extremely efficient heat transfer mechanism, thus direct removal of core decay 
heat through condensers has always been an attractive option. 
Decay heat steam is piped from the Drywell (DW) to Passive Containment 
Condenser (PCC) tube bundles submerged in water pools located outside the 
containment. This steam condenses inside the tubes and the condensate 
returns by gravity to the Reactor Pressure Vessel (RPV) to keep the core covered 
in the long term. The flow of water in the surrounding PCC pool water is 
accomplished by natural convection, and no forced circulation equipment is 
required. The steam produced in the PCC pools is vented to the atmosphere. 
There is sufficient water inventory above the top of the tube bundles to handle 
several days of decay heat removal, and eventually simple operator action (the 
addition of low-pressure water to the pools) allows continuing the passive heat 
removal indefinitely (Mccandless and Redding, 1989). 
 
The large-scale thermal-hydraulic test facility PANDA has been employed for 
investigating the various passive decay heat removal systems and containment 
phenomena for the next generation light water reactor designs named 
Simplified Boiling Water Reactor (SBWR) and the European Simplified Boiling 
Water Reactor (ESBWR) from General Electric and the Siedewassereaktor 
(SWR-1000) from Framatome ANP (former Siemens design) (Yadigaroglu and 
Dreier, 1998). 
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Results obtained from recent experimental and analytical investigations have 
pointed out that the presence of non-condensable gases, such as hydrogen and 
nitrogen, affects the efficiency of PCCS. These gases hinder the transport of 
steam to the condensing surfaces, reducing the condensation rate and 
consequently the efficiency of the condensers (Bandurski et al., 2001). The 
impact of light gas on the PCCS performance has not been investigated in 
detail up to now. Knowledge of the distribution of non-condensable gases in the 
containment is a key issue in assessing the evolution of a postulated accident. 
The gas distribution not only influences the PCC performance but also affects 
the containment pressure build-up, which is influenced by the volume of the 
non-condensable gas accumulated in the Wetwell (WW) gas space. The system 
pressure is hence substantially controlled by the transport of non-condensable 
gases from the DW to the WW. 
 
Part 2 of the thesis contains Appendices E and F. These appendices are related 
to three experiments (T1.1, T1.2 and T1.3) performed in the PANDA facility with 
the main objective of assessing the effects of light gases on the efficiency of the 
Passive Containment Cooling System of the ESBWR. The light gas hydrogen 
produced in postulated LOCA with core overheating was simulated by helium 
in the PANDA experiments. The facility configuration was different for each test 
to investigate a variety of conditions leading to different stratification patterns. 
The PCC (Passive Cooling Condenser) operation modes are qualitatively 
discussed and the PCCS performance is analyzed for one test by quantifying 
the major heat sinks and comparing them during the test period with the decay 
heat (heat source) generated in the RPV. The heat transfer coefficients in one 
PCC have been determined at selected times before, during and after helium 
injection in one of the tests; in this way the effect of light gas has been 
quantified in term of variation of heat transfer rate. 
 
This Part 2 of the thesis is organized in the following manner: 
• Chapter 7 provides a description of PANDA facility including the main 

instrumentation; 
• Chapter 8 provides the test matrix and the initial and boundary conditions 

for each test; 
• Chapter 9 summarizes the results and analysis of the tests; 
• Chapter 10 states the conclusion reached in Part 2 of the thesis. 
 

7 Facility description 
PANDA is a large-scale thermal-hydraulic test facility (Figure 1 of Appendix E), 
designed for investigating system behavior and containment phenomena in 
Advanced Light Water Reactors (ALWRs). Prototypical fluids such as water and 
steam are used as coolant. The total height of the facility is 25 m and it is 
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designed for 10 bar and 200 °C maximum operating conditions. In comparison 
to the ESBWR containment PANDA is scaled approximately 1:1 in height and 
about 1:40 for the decay power and volume. A detailed scaling study was 
performed for the SBWR by Yadigaroglu (1996). Yadigaroglu’s scaling study 
included also the identification of any distortions in the representation of 
phenomena and the manner in which this distortion could be considered when 
the experimental data are used for computer code qualification. 
PANDA has a modular structure. The relevant volumes are simulated by six 
cylindrical pressure vessels which represent: the Reactor Pressure Vessel 
(RPV), two Drywell (DW), two Suppression Chamber (SC) or Wetwell (WW) and 
one Gravity-Driven Cooling System (GDCS) tank. The total volume of the 
vessels is 460 m3. Four rectangular pools open to the atmosphere contain four 
condensers. One Isolation Condenser (IC) is connected to the RPV one PCC is 
connected to DW1 and two PCCs are connected to DW2. In Figure 1 of 
Appendix E, the IC is not represented because it was not used for the present 
investigation. System lines interconnect the vessels. The two DWs vessels are 
connected by one large diameter Interconnecting Pipe (IP). The two WWs have 
two large IPs one in the gas space region and a second in the suppression pool 
region. The DWs and WWs are connected through the Main Vent Lines (MVL1 
and MVL2). If the pressure difference between DWs and WWs become higher 
than the submerged height of the MVLs in the WW, steam or other gases 
present in the DWs are vented into the WWs. Other vent lines connect the 
PCCs lower drum and the WWs and operate passively according to the same 
principle as for the MVLs. 
A total number of 115 electrical heater elements, with a maximum power of 1.5 
MW, are installed in the lower part of the RPV. Auxiliary systems are available 
to add or remove water, steam or gas to any vessel at desired conditions 
(temperature, pressure). The primary purpose of the auxiliary systems is to 
establish proper initial test conditions. 
 
The PANDA basic instrumentation allows for measuring fluid and wall 
temperatures, pressures and pressure differences, liquid levels, air partial 
pressures, flow rates, fluid phases and heater power. In each DW, 
temperatures are measured at 12 levels (Figure 2 of Appendix E, axial position 
A), and for three of these 12 levels there are 2 additional temperature 
measurement at different radial locations (Figure 2 of Appendix E, axial 
positions B and C). The main upgrade to the PANDA instrumentation performed 
for the TEMPEST project was the addition of a Mass Spectrometer (MS) that 
allows to measure air, helium and steam concentrations in DW and WW gas 
spaces. Gas was continuously sampled (through capillary tubes) at different 
chosen locations in the facility. The MS provided a time history of the gas molar 
fractions (air, steam and helium) at each measurement location (Auban et al. 
2003). In each DW vessel, concentration measurements are performed at nine 
different locations, at three vertical levels and three radial locations A, B, and 
C. Concentrations were also measured at three locations in the center of the 
DWs IP (Figure 3 of Appendix E). It should be pointed out that all these gas-
sampling locations for concentration measurements are situated close to the 
corresponding thermocouple locations (typically within 3.5 mm). 
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8 Test matrix 

8.1 Facility configuration and test objectives 
Test T1.1 “Base Case”: a Main Steam Line Break (MSLB) transient was 
simulated with light gas helium release due to a postulated core overheating. 
Steam/helium mixture was flowing equally in both drywells. The PCC1 unit 
was connected to the DW1 and the PCC2 and PCC3 units were connected to 
the DW2. This test allowed investigating light gas effects on the overall system 
behaviour. Gas stratification in the two DW vessels was investigated with the 
facility configured with all three PCCs connected. 
Test T1.2 “Stand-by Volume Case”: the steam/helium mixture was flowing 
through the Main Steam Line 2 (MSL2) to DW2. The PCC2 and PCC3 were 
connected to DW2 and PCC1 was not used. The vent line from DW1 to WW1 
was closed. The DW1 vessel acted as stand-by volume because the steam and 
steam-helium flow was injected into DW2 and flowed out from the top of the 
DW2 (condensation through the PCC2 and PCC3 units). This test allowed 
investigating light gas effects on the overall system behaviour and also gas 
stratification in the two DW vessels with this specific facility configuration 
adopted with DW1 acting as a stand-by volume. 
Test T1.3 “Asymmetric Case”: the steam/helium mixture was flowing through 
the MSL1 to the DW1. The PCC2 and PCC3 were connected to DW2 and PCC1 
was not used. The vent line between DW2 and WW2 was closed. This test was 
performed with the facility configured in an asymmetric way, e.g. in this test 
the steam and steam-helium was injected into DW1 and flowed out from the 
top of DW2 (condensation through the PCC2 and PCC3 units). This test 
allowed investigating light gas effects on the overall system behaviour and gas 
mixing and stratification in the two DW vessels with the facility configured in 
an asymmetric way. Moreover the additional heat release due to metal-water 
reaction in case of a postulated core overheat was simulated in this test. 
 

8.2 Test initial and boundary conditions 
For each of system tests the PANDA vessels/components (RPV, DWs, WWs, 
PCCs, etc.) were preconditioned individually. The initial conditions 
(temperatures, partial pressures, pressures, water levels) were based on the 
status predicted for the ESBWR, one hour after scram triggered by an MSLB. 
Table 1 of Appendix E gives the initial conditions for the PANDA main 
components. The amount of helium injected during these PANDA tests was 
scaled to the amount of hydrogen which would be generated for 100% cladding 
M-W reaction in an ESBWR core having 1132 fuel bundles (Cheung Y.K., 
2001). Considering a 1/40-volume scale of PANDA a corresponding total mass 
of 92.7 kg helium was obtained. The injection was made with a constant mass 
flow rate of 12.9 g/s for 120 minutes starting 10000 s after the beginning of 
the test. It should be pointed out that the mass of helium injected and its rate 
are not according to any dominant severe accident scenarios for a BWR (Sehgal 
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and Chakraborty, 2003). Nevertheless, the consideration of 100% cladding M-
W reaction allows a conservative assessment of the effects of hydrogen on the 
overall system behavior. 
The electrical power of the heaters in the RPV was controlled automatically 
during the tests, in order to match the scaled decay heat power and RPV 
structural heat release of the ESBWR. The RPV power at the beginning of tests 
T1.1 was 1276 kW and decreased to 638 kW at the end of the 12 hours test. 
The tests T1.2 and T1.3 had a scaled decay heat of 2/3 compared to test T1.1, 
because only two out of three PCC units were used to remove the heat load 
generated in the RPV. In the case of a postulated severe accident, an additional 
heat load comes from the M-W reaction. The M-W reaction heat was considered 
only in test T1.3, by increasing the RPV power during the helium injection 
period. A power increase of 420 kW was assessed for this period (Paladino et al. 
2003a). This value was based on the scaled energy release with the assumption 
that 100% of zirconium contained in the fuel cladding chemically reacts with 
water to produce hydrogen.  
 

9 Results and analysis of three transient system tests 

9.1  Analysis of pressure curves recorded in drywell  

9.1.1 Background 
The containment system pressure is determined by the performance of the 
PCCS and the amount of non-condensable gases initially in the containment 
(nitrogen) or those released later in the course of the postulated accident 
(hydrogen). In the early stage of the postulated accident scenario, the non-
condensable gases initially filling the DW are purged to the WW. The non-
condensable gases in the WW determine the system pressure level. In fact it 
should be noted here that DW to WW pressure difference can vary in a small-
range according to the hydrostatic head of the MV submergence. The MV lines 
only allow flow from the DW to the WW when the corresponding pressure 
difference exceeds the hydrostatic head corresponding to the MV submergence. 
Venting of non-condensable gases from the DW to the WW causes a shift of 
both pressures to higher values due to WW pressure increase. If, instead, the 
non-condensable gases are accumulated in suitable DW regions due to gas 
stratification and cannot be transported to the PCCs, the DW pressure increase 
would be substantially mitigated. If the non-condensable gases can be retained 
in a stable stratification layer when the release of them has ended, the venting 
to the WW stops as well and the system pressure stabilizes again (Bandurski et 
al. 2001). The following analysis focuses on the effect of light gas hydrogen on 
the overall system pressure. The observations for the tests T1.1, T1.2 and T1.3 
are presented in Appendices E. Three main phases characterize the course of 
each test. 
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9.1.2 Phase 1: early phase of the test before helium injection starts 
The steam flows from the RPV through the Main Steam Lines (MSL1 and MSL2 
in base case test T1.1, MSL2 in the stand-by volume test T1.2 and MSL1 in the 
asymmetric test T1.3) to the DW vessels decreased with time, in accordance 
with the decreasing decay heat power. The RPV, DW and WW pressures 
showed a very similar behavior during Phase 1 for all three tests. The 
measured DW pressures are shown in Figure 4 of Appendix E. 
The PCC units started working immediately, condensing the steam generated 
in the RPV. In the beginning of Phase 1, due to the high heat load some steam 
flowed from the DWs to the WWs through the Main Vent (MV) lines. It should 
be pointed out that: MV line 1 and 2 were open in test T1.1, only MV line 2 was 
open in Test T1.2 and only MV line 1 was open in test T1.3. The MV discharge 
phase was completed after about 25 minutes when the PCCs were able to 
condense all the steam generated in the RPV. All the air in the DW was vented 
to the WW gas space through main vent lines and PCC vent lines in Phase 1 of 
the tests. The venting process from the DW to the WW determines a small 
increase of WW pressure at the beginning of the test. The steam flowing 
through the vent lines and condensing in the suppression pools slightly affects 
the WW temperatures: in test T1.1 during the MV clearing at the beginning of 
the test, the pool temperature in the upper region of the suppression chamber 
increased by about 2-3 °C, and remained nearly constant in the lower pool 
region. 

 

9.1.3 Phase 2: during helium injection 
At 10000 s after the beginning of the test, the Phase 2 with injection of helium 
was started. As soon as the helium injection began, the pressure in the system 
steadily increased. The pressure in WW also increased, due to the almost 
continuous steam-helium mixture venting from the DW to the WW through the 
vent lines. Figure 4 of Appendix E shows that the pressures in this phase 
increase with different characteristics.  
From the beginning of Phase 2 until ~15000 s the pressure curves of tests T1.1 
and T1.2 are similar. After 15000 s the pressure in test T1.1 increased faster 
than that in T1.2. This differentiation is due to the fact that in the particular 
configuration of test T1.2, with the DW1 acting as a stand-by volume, a certain 
amount of helium is retained in the DW, instead of being vented to the WW. 
For this reason the pressure of the WW, which is the base pressure for the 
system, is lower in T1.2. 
In test T1.3, the pressure increases faster during this phase. Two factors 
contribute to a higher pressure: 
Firstly, during helium injection an additional amount of heat (M-W reaction 
heat) was released in addition to the decay heat, therefore the venting through 
main vent line 1 and the PCC2 and PCC3 vent lines was more intense; 
Secondly, due to the facility configuration for T1.3 (asymmetric case, with RPV-
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DW connection through MSL1) less helium was retained in DW1 in comparison 
with test T1.2. 
The venting of non-condensable gas and steam occurs in the following way: 
• in test T1.1: from the three PCC vent lines to the two WW pools; 
• in test T1.2: through the PCC2 and PCC3 vent lines to the WW2 pool; 
• in test T1.3: there was MVL1 clearing (from DW1 to WW1) at the beginning 

of Phase 2 and also continuous venting from PCC2 and PCC3 to WW2 
during the whole Phase 2. 

The effect of the venting on the WW pools was to break the temperature 
stratification observed in the previous phase. 
During Phase 2, the PCCs behavior changed and the performance was strongly 
degraded (the word ‘performance’ stands for heat removal rate by steam 
condensation in the PCCs). The condensate flow rate returning to the RPV is 
suddenly reduced by approximately 60% for test T1.1 and T1.2 and by about 
20% for test T1.3 (compared to the flow before helium injection). In test T1.3 
due to the additional heat release of 420 kW during Phase 2 (M-W reaction 
simulation) the decrease in the condensate flow rate returning to the RPV is 
less significant with respect to the other tests. 

 

9.1.4 Phase 3: from the end of helium injection until end of test 
The stabilization of the DW pressure (Figure 4 of Appendix E) occurs when the 
PCC performance is improved, and equilibrium is reached between steam 
condensed in the PCCs and steam released from the RPV to the DW. The 
improved PCC performance can be explained by the fact that the condensate 
mass flow rate has recovered to a level comparable with steam mass flow rate 
released from the RPV to the DW. With decreasing decay power, the system 
pressure cannot decrease significantly, because it is essentially bounded by the 
WW pressure. 
The highest measured pressures in the DW were respectively: 6.2 bar for test 
T1.3, 6.0 bar for test T1.1 and 5.8 bar for test T1.2. In all three tests the 
system pressure stabilized at t~20000 s. 
 

9.2 Gas mixing and stratification in the drywell 
The containment pressure is principally governed by the performance of PCCs 
and by the amount and transient distribution of non-condensable gases which 
initially filled the containment compartments (air), or were released later in the 
transient from the reactor core. Containment temperatures are determined by 
gas distribution. These new tests for which additional instrumentation has 
been implemented in the PANDA facility provide more refined information 
concerning gas mixing and stratification phenomena than was possible 
previously. 
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9.2.1 Test T1.1: Base Case 
In the base case test T1.1, right after helium injection began, helium is 
immediately well mixed with steam in both DWs. This is concluded from the 
uniform temperature distribution during Phase 2 (Figures 5 and 6 of Appendix 
E). The concentration measurements in the DWs indicate that no vertical 
stratification occurred during the injection phase. 
An approximately 17% helium-rich mixture is observed (Figure 18 of Appendix 
E) from 12000 s after the beginning of the injection until the end of this phase. 
The corresponding vertical temperature profiles (Figure 6 of Appendix E, 
t=11000 s, t=14000 s, t=17000 s) also show that there is a uniform temperature 
distribution in the DW. In this test no significant concentration and 
temperature radial distributions were observed in the DWs. 
As soon as the helium injection was stopped, measurements show vertical 
stratification phenomenon (Figure 5; Figure 6 of Appendix E: from t=17000 s to 
t=19500 s). During this period helium is vented out of the DW through the 
PCCs to the WW. No helium can be found after t=23000 s in the DWs. Figure 6 
of Appendix E shows clearly the evolution of non-condensable gas front moving 
upwards until all the helium has left the DW volume (t=20500 s). The time 
needed to obtain a uniform spatial distribution was shorter in DW2 than in 
DW1 as only one PCC is connected to DW1 instead of two for DW2. 
In Figure 10 of Appendix E (T1.1) a simplified sketch indicates the stratification 
scenario occurring in the two DW volumes. During Phase 2 the steam-helium 
mixture is quite uniformly distributed in the DWs. In Phase 3 when the helium 
rich mixture moves out through the PCC feed lines the DW finally remains with 
nearly pure steam conditions. 

 

9.2.2 Test T1.2: Stand-by Volume Case 
In the stand-by volume test T1.2, the gas temperature distributions in the two 
DWs evolve with different patterns during the second and third phases. 
One should keep in mind that in test T1.2 all the helium is injected through 
the MSL2 into DW2. The helium is quickly mixed with steam and 
measurements show a uniform gas temperature distribution in the DW2. The 
helium concentration in DW2 increased reaching the highest value of about 
31% at the end of Phase 2 (Figure 21 of Appendix E). 
 
The helium flowing from DW2 through the IP to the DW1 (stand-by volume) 
accumulates initially in the upper region above the DWs IP, where the 
temperatures become lower than in the volume below the DWs IP (Figure 7 of 
Appendix E). The concentration measurement obtained with the MS first 
detected some helium in the upper part of DW1. As Phase 2 continues the 
helium accumulates also in the lower volume of DW1 reaching the molar 
fraction of around 27% while in the upper volume of the DW1 the molar 
fraction is in the range 30-34% (Figure 20 of Appendix E). 
Figure 7 of Appendix E shows the temperature stratification in DW1. For 
t>19800 s, the temperatures below the IP are nearly uniform (155-156 oC) and 
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those above the IP decreased due to the increasing helium concentration in the 
vertical direction. The top most temperatures are the lowest because of some 
steam condensation on the DW walls, the concentration of helium becomes 
higher in the upper region of DW1 (Figure 20 of Appendix E). 
Figure 10 of Appendix E (T1.2) shows a schematic of the stratification scenario 
occurring in the two DW volumes. During Phase 2 steam-helium mixture is 
quite uniformly distributed in DW2. In DW1 the steam-helium mixture feeds 
first the upper region and only later the lower region. In Phase 3, the helium 
rich mixture moves out from the DW2 and from the lower region of DW1. An 
amount of helium-reach mixture is retained in the upper region of DW1. The 
interface (double arrow in the Figure 10 of Appendix E) moves upwards very 
slowly. 
 

9.2.3 Test T1.3: Asymmetric Case 
As in test T1.2, the temperature profiles in the two DWs evolve with different 
characteristics. At the beginning of Phase 2 the temperature was spatially 
uniform in DW1 (Figure 8 of Appendix E). Later in Phase 2, the temperature has 
steadily increased. The helium concentration in DW1 increased uniformly in 
the whole volume reaching the highest value of about 17% (Figure 23 of 
Appendix E). Figure 8 of Appendix E shows that during Phase 2 the temperature 
in DW1 was quite uniform and only at the end of Phase 2 and during Phase 3 
at the top of the DW1 a lower temperature was established compared to the 
region below. 
In DW2 the temperatures measurement in the lower region were higher 
compared with the temperature above the IP (Figure 9 of Appendix E). The 
helium flowing to the DW2 from the DW1 through the DW-IP started to 
accumulate in the volume available above the IP (colder region).  
As the Phase 2 continues, the helium accumulated also in the lower region of 
DW2: Figure 9 of Appendix E (for 15400 s < t <16500 s) shows that temperature 
difference between the upper and lower region of DW2 was strongly reduced as 
the helium accumulates in the lower region of this vessel. During Phase 3 the 
helium was vented from the DW2 to the WW2 through the PCC2 and PCC3. 
The measurements obtained with MS show that the helium concentration was 
nearly zero in the DW2 after 21000 s (Figure 24 of Appendix E). The 
temperature profiles in DW1 during Phase 3 show the development of the 
vertical stratification (Figure 8 of Appendix E). The highest temperature (about 
158 oC) is measured in the lower region of DW1. When Phase 2 is over the 
helium contained in the lower region of DW1 is slowly transported to DW2 
through the IP. Figure 8 of Appendix E shows how the temperature increased in 
the vertical direction for t>17600 s. 
It should be pointed out that the helium concentration in test T1.3 at the top of 
DW1 (Figure 23 of Appendix E) is less than that in test T1.2 (Figure 20 of 
Appendix E). The different helium concentration in the upper region of DW1 
between tests is due to the fact that in Phase 3 of test T1.3 helium is more 
easily entrained in the steam flowing from the DW1 to the DW2. 
Figure 10 of Appendix E (T1.3) provides a schematic of the stratification 
scenario occurring in the two DW volumes. During Phase 2, steam-helium is 
well mixed in DW1. In DW2 the steam-helium mixture feeds the upper region 
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first and then later the lower region. In Phase 3, the helium-rich mixture moves 
out from DW2 and from the lower region of DW1. An amount of helium is 
retained in the upper region of DW1, but due to the continuous flow from the 
DW1 to DW2, the interface moves up more rapidly than in test T1.2. 
 

9.3 PCC performance and operation modes 
In this section a qualitative evaluation of the PCC performance and operation 
modes during the tests T1.1, T1.2 and T1.3 (Appendix E) is provided based on 
test observations and on the interpretation of measured parameters. The 
observations made on the three tests show that the PCC performance was 
varying during the three different test phases. The temperature measurements 
obtained inside the PCC tubes will be commented to explain the PCC operation 
modes. 
Figure 11 of Appendix E shows the thermocouple locations for gas temperature 
measurements in the upper and lower drum and in the central tube of the 
PCC3. Figure 12 of Appendix E shows the PCC3 gas temperatures during the 
test T1.1 and Figure 13 of Appendix E the vertical temperature profiles inside 
the PCC3 tube for the three different test phases. 
During Phase 1 (steam air mixture), the temperature measurements inside the 
tubes indicate two different regions: the active tube length and the inactive 
tube length (blanketed with air). 
The steam entering the PCCs from the top (upper drum) starts condensing at 
the saturation temperature. The temperature sensors identified by MTG.P3.1 to 
MTG.P3.7 that are located in the region where the condensation take place. 
The temperature sensors are identified by MTG.P3.8, MTG.P3.9 and MTG.P3.2. 
These sensors are located in the lower region of the tubes and the lower drum 
showing lower temperatures (close to pool temperature) because all the steam 
is already condensed.  
The temperature difference between these two groups is approximately 26 oC. 
The lower area of the condenser tubes was blanketed with air and, therefore, 
inactive for condensation. It is understood from the present tests and also from 
previous tests performed in PANDA (Bandurski et al., 2001) that the PCCs, in 
presence of small amounts of air, can adjust their performance to the decay 
power by blanketing the lower section of the tubes. 
Figure 12 and Figure 13 of Appendix E (t= 12500 s) show that PCC3 operation 
mode after helium injection changes significantly. In presence of helium, 
mechanisms occurring in the condenser tubes are quite complex. From a 
general point of view, one should realize that buoyant forces arising from steam 
condensation out of a steam/helium mixture strongly influence the flow 
patterns inside the PCCs. The temperature difference between the two zones 
(mentioned before for the first part) disappears and an uniform gradient (higher 
temperature at the top and lower at the bottom) is established all along the 
length of the tube. 
Starting at around 23500 s, the PCC3 shows again a different temperature 
pattern. A temperature difference is established between the upper (MTG.P3.1) 
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and lower drum (MTG.P3.2), while the temperature inside the instrumented 
tube decreased from the bottom to the top. This might mean that, inside the 
PCC tube a light gas mixture (steam and helium) flows from the bottom to the 
top of the tube. This mixture, while rising in the PCC tube, becomes more and 
more helium-rich (because of steam condensation) and its temperature 
decreases further. 
The PCC3 maintained its operation mode until the end of the test. It should be 
noted that at around 21000 s, the temperature in both PCC units show a 
sudden increase, coherent with the fact that at that time no more helium was 
fed from the DW2 to the PCCs units. 
Figure 14 of Appendix E shows a schematic of the three operation modes 
identified. For simplification only two tubes (not in scale) are shown: 
  
Operation Mode 1 refers to the situation with steam/air mixture fed to the 
condensers (before the helium injection started). Steam condensation takes 
place in the upper section of the tubes and the lower part of the tubes is 
blanketed by air. This operation mode is identified in Figure 13 of Appendix E 
for t=3500 s). 
 
Operation Mode 2 refers to the situation when steam/helium mixture is fed to 
the condensers. The vertical temperature gradient showing higher temperature 
in the top and lower temperatures in the bottom are observed. This gradient 
indicates that the (steam/helium) mixture is flowing downwards in the tube 
and is becoming more and more helium rich as condensation proceeds. This 
operation mode is identified in Figure 13 of Appendix E for t=12500 s. 
 
Operation Mode 3 refers to the situation in which the temperature levels in the 
upper and lower drums are maintained (in comparison with the first mode) 
while a reverse temperature gradient (the gas mixture being hotter at the 
bottom) is established. The gas in the tube is then colder than that in the lower 
drum, which would indicate that the flow is re-circulating upwards and again 
become colder due to steam condensation. Buoyant forces are becoming higher 
than pressure difference driving force. This operation mode is identified in 
Figure 13 of Appendix E for t=29000 s. 
 
One should anyway realize that only one tube in every PCC is well 
instrumented for gas temperature measurement. The instrumentation could 
not cover all details of the phenomena occurring in the tube bundle consisting 
of 20 tubes. 
In all three tests sudden changes in PCC operation mode were observed at 
different times during the course of the test. The behavior of the PCCs in 
presence of helium (light gas) is clearly quite different and more difficult to 
analyze from what happens when only air (gas heavier than steam) and steam 
are present in the tubes. 
 



Doctoral Thesis – Investigations on Passive Safety Systems in LWRs 

 

 

46

9.4 Energy source and sinks in Test T1.2 
The PCCS performance in test T1.2 is investigated quantifying the major energy 
source and sinks. The approach followed is based on the methodology 
developed by Bandurski et al. (2001) and already applied to two previous 
PANDA tests named P5 and P7. 
The approach consists in quantifying the major energy sinks during the 
transient test and comparing them with the energy source (the decay heat 
curve generated in the RPV). 
During a system test the energy (simulating the decay heat in an accident) 
generated in the RPV is transferred to different energy sinks. The amount of 
energy transferred to each sink depends on the details of the postulated 
accident (e.g. release of light gas, facility configuration, decay heat curve, etc.) 
The heat sinks play a role on the overall PCCS performance (e.g. on the 
capability of the PCCS to mitigate the postulated accident). In PANDA facility 
the major heat sinks are: PCCs and WW water pools; water in the RPV; 
structural materials (RPV, DW and WW walls, and the MVLs). 
The energy sinks are assessed by performing energy balances based on spline 
fits of measured data and their first derivatives. Locally measured values are 
used for calculating the thermodynamic fluid properties. The sums of all 
independently determined source and sinks give an indication of whether the 
calculations are consistent or not. 
The PCC water pool sink is evaluated by considering the decreasing in pool 
collapsed water level during the test for effect of boiling at atmosphere pressure 
(equation 1 of Appendix F). 
The energy transferred to the structural material (RPV, DW, WW walls and 
MSLs) is determined using equation 2 of Appendix F. 
The total amount of energy transferred from the DW to the WW during venting 
and the energy needed for DW vessel wall heating and for compensation of the 
DW heat losses, is estimated by considering the RPV water inventory variation.  
 
Figure 1 in Appendix F provides the results for test T1.2. 
Before helium injection PCC2 and PCC3 units removed approximately the same 
amount of energy (the sums of PCC2 and PCC3 is nearly equivalent to the RPV 
decay heat). A small amount of energy was used for DW wall heating, DW heat 
losses and venting to the WW pool. The RPV water was a nearly constant 
temperature and pressure (saturation conditions) (Figure 4 of Appendix E) so 
there was not needed energy to heat up the RPV water and structure. 
 
At 10000 s when the helium injection started the distribution of heat sinks 
changed completely. To compensate for the system pressurization 
approximately 220 kW were transferred to the RPV water to follow the water 
saturation line in the RPV during pressurization and heat up of the RPV vessel. 
This contribution decreased in time because due to the intense venting in the 
WW the water level in the RPV dropped fast. It should be realized here that only 
the water that condensed in the PCC could return (by gravity) to re-flood the 
RPV, while the water vented in the WW or condensed at the DW walls did not 
contribute anymore to the RPV water level. 
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The energy removed by the condensers decreased significantly during Phase 2 
and until 20000 s in Phase 3 because the PCC steam/helium mixture feeding 
flow decreased. 
The two PCC units continued to have a similar performance during the helium 
injection period. The energy needed to heat up the DW wall and the energy 
transferred to the WW due to venting augmented during helium injection phase 
due to the pressurization of the system. The DW absolute pressure rose in 
Phase 2 from 2.6 bar to 5.1 bar (section 3 of Appendix E). It should be pointed 
out that the absolute pressure was made of the partial pressure of the steam at 
saturation conditions plus the partial pressure of the helium. The temperature 
increased consequently and due to the helium the stratification pattern 
described in (section 3 of Appendix E) developed in the DW vessels. 
At the end of helium injection until ~20000 s the PCCs curve maintained the 
same trend, i.e. the PCCs removing the same amount of energy. The energy 
sink for RPV heating continued to decrease because of the decreased water 
level caused by the high venting frequency to the WW and by the growing 
condensation rate to the DW wall. The energy transferred for DW heating, 
condensation in the DW wall and venting to the WW raised fast at the end of 
Phase 2 and beginning of Phase 3. The helium vented to the WW pushed up 
the system pressure from 5.1 bar to 5.8 bar. The saturation temperature in the 
DW reached around 156 oC, so more energy was spent to heat up the DW wall. 
 
At around 20000 s the energy transferred from the DW to the WW, the energy 
for heat up of the DW vessel wall, and the energy needed to follow the water 
saturation line in the RPV, decreased because the pressure and saturation 
temperature in the system stabilized. The decay heat from 20000 s until the 
end of the test was mainly removed by the two PCC units. It should be noted 
that the two PCC units developed some difference in their removed power 
which increase near the end of the test. It should be mentioned that test T1.2 
is the only test (from the 4 tests considered in the present investigation) where 
such difference between PCC behaviour was clear. 
 
The agreement between the sums of all the energy sinks considered with the 
decay heat curve is good in Phase 1 and later in Phase 3 after 22000 s, 
whereas an error of around 10-14 % is observed in Phase 2 and until 22000 s 
in Phase 3. The error made following this approach of calculation of heat sinks 
was explained by Bandurski et al. (2001) to arise from the method used to 
calculate gradients of measured values: the first derivatives of spline fitting the 
measured values for water levels and temperature were taken to calculate the 
change in mass and energy, i.e. the absolute value of each gradient determined 
the energy flow to the appropriate heat sink. It is expected that relative errors 
increase with decreasing gradients, e.g. with less rapidly dropping water levels 
(Phase 2, during helium injection) the accuracy of the energy balances is 
diminished. 

 
9.5 Assessment of PCC heat transfer coefficients 

The overall heat transfer coefficient, U (equation 7 of Appendix F), the 
condensation heat transfer coefficient, hcon (equation 8 of Appendix F) and the 
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secondary side boiling heat transfer coefficient, hsec (equation 9 of Appendix F), 
are defined and determined following the assumptions and simplification 
explained in the Appendix F. 
Table 2 of Appendix F reports the values obtained for the heat transfer rates in 
the PCC3 unit in test T1.1. Q1PCC3, Q2PCC3, Q3PCC3  are related to the total power 
removed by the PCC unit and Q1tube, Q2tube,  and Q3tube the energy related to an 
“equivalent tube” of the PCC3 unit at the three different time intervals selected. 
In Table 4 of Appendix F are listed the values of the fluid, pool and wall tube 
temperatures for selected sensors at the selected times 3500-12500-29000 s.  
Table 5 of Appendix F reports from 3th to 6th columns the assessed U, overall 
heat transfer coefficient; hsec the secondary side boiling heat transfer 
coefficient; hcon the condensation heat transfer coefficient. 
The calculations made at 3500 s in Phase 1, are for a PCC3 equivalent tube 
with a wetted area averaged using equation (11) of Appendix F. The calculated 
average condensation and boiling heat transfer coefficients are probably 
underestimated because steam condensation was completed at near half of the 
tube height so that the effective wetted area where condensation took place, 
was smaller then the area considered for the calculation in Phase 1. 
 
In Phase 2 the overall heat transfer coefficient dropped as expected. The feed 
flow rate to the PCC3 decreased and the presence of non-condensable helium 
deteriorates the heat transfer coefficients. By looking at the drums and tube 
temperature profile in Figure 12 of Appendix E (for t=12500 s) it is possible to 
note that the fluid temperature decreased uniformly all over the height of the 
condenser, so that the calculation considering the equivalent tube, and the 
averaged wetted area both the drums is more representative of the 
experimental situation. 
The calculation made at time 29000 s shows a slight increase of the overall 
heat transfer coefficient, with an higher boiling heat transfer coefficient and a 
condensation heat transfer coefficient in the same order of magnitude as was 
determined for t= 12500 s. The high boiling heat transfer coefficient is derived 
from the fact that the power removed (Q3tube) increased in Phase 3 and the 
averaged temperature difference between the wall (Two) and the pool decreased 
(Tc). The wall temperature decreased in the upper region of the tube (see sensor 
MTT.P3.1 value in Table 4 in Appendix F) because of the presence of large 
amount of helium in this region.  
The values obtained in this section for the heat transfer coefficients at selected 
times in the three phases of the test, with the assumptions and simplification 
made are representative of the PCC performance and quantify the integral 
effect of helium on the averaged heat transfer coefficients. 
 

9.6 A correlation for condensation in presence of non-condensable 
The empirical correlation obtained by Liu et al. (1999) for condensation in 
presence of non-condensable gases was used to derive the average 
condensation heat transfer coefficient for the cases considered for the PCC3 
unit in test T1.1 
The empirical heat transfer correlation of condensation by Liu et al. (1999) was 
obtained in terms of a parameter group made up of steam mole fraction (Xs), 
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total pressure (Pt) and temperature difference between bulk gas and wall 
surface (dT). Using experimental data and least square error criteria, the 
empirical fit for the average heat transfer coefficient correlation is expressed 
with equation (23) of Appendix F. 
Liu et al. (1999) obtained the correlation (23) of Appendix F for the case in 
which the non-condensable gas was air. Dehbi et al. (1991) found out that air 
or helium have the same effect on the condensation heat transfer coefficient as 
far as the same concentration (expressed in molar fraction) of non-condensable 
gas is present in the steam. In Appendix G the correlation (23) was used to 
assess the condensation heat transfer coefficient in the PCC3 unit for the case 
of helium at selected times in Phase 2 and Phase 3 for the test T1.1. 
Table 6 of Appendix F shows in the fifth column the heat transfer coefficients 
(hcon_cor) obtained with the correlation (23) and in the sixth column the 
coefficients obtained directly by data reduction (Table 5 of Appendix F) for the 
case in which the inner wetted area of the equivalent PCC tube is determined 
using equation (12) of Appendix F. The values, Xs for the steam mole fraction are 
not known from the experiments, so the results obtained by Andreani (2004) 
for test T1.1 with the GOTHIC code have been used. The helium concentration 
in the PCC tube predicted with GOTHIC code increases along the length of the 
tube. The values reported for Xs in Table 6 of Appendix F are the mean values 
between the steam molar fraction predicted at the top and at the bottom of the 
tube. 
The value of Pt for the overall pressure correspond to the Drywell pressure at 
the selected times. The values for dT are obtained from Tables 4 and 5 of 
Appendix F. The average condensation heat transfer coefficients obtained using 
correlation (23) are in agreement with the values derived directly from the 
experimental data following the data reduction method presented in the 
previous sections. The values obtained in PCC3 for selected times in Phase 2 
and Phase 3 show a consistency of the PANDA measured data with the data 
available in literature on condensation in presence of non-condensable gas. A 
more systematic analysis of all the sensors available in PANDA PCC units 
(PCC1, PCC2 and PCC3) in the three tests with helium (T1.1, T1.2 and T1.3) 
would provide interesting information on the variation of the local condensation 
heat transfer coefficients along the tube height, during the overall test 
duration. 
 

9.7 The use of experimental database for code validation 
The experimental data obtained in these tests have been qualified with respect 
to test specifications and sensors performance and have been included in 
PANDA experimental database. One of the main aims of these tests was to 
obtain an experimental database to be used to improve advanced modeling 
methods for evaluating pressure safety margins of ALWR containment 
buildings. As it was shown in this thesis the containment behavior is affected 
by the gas distribution in the containment. It is thus important to model gas 
mixing and stratification accurately, to be able to predict the correct pressure 
behavior of the containment. 
These experimental data are currently used for assessing the capability of 



Doctoral Thesis – Investigations on Passive Safety Systems in LWRs 

 

 

50

containment code (Appendix E) and CFD (Tuomainen 2003, Lycklama et. al. 
2003) codes in relation to the stratification pattern in the drywell vessels and to 
the PCC operational characteristics. 
At PSI the general-purpose code GOTHIC has been used by Andreani to 
simulate gas stratification in the drywell and system pressure for test T1.1, 
T1.2 and T1.3. The comparison of GOTHIC calculations with the tests showed 
that the code is capable of predicting the gas stratification in the drywell 
(Figures 17, 18, 20, 21, 23 and 24 of Appendices E) quite well. The system 
pressure increase in the drywell due to helium release is slightly overestimated 
(Figures 16, 19 and 22 of Appendices E). Additional analysis with GOTHIC code 
simulating PANDA tests is reported by Andreani (2004). 

10 Summary and conclusions of Part 2 
The main results and some analyses of three integral system tests performed in 
PANDA facility with different configurations have been described in Part 2 of 
the thesis. In these tests the long-term PCCS cooling phase following a LOCA 
caused by a MSLB has been assessed considering the presence of a large 
amount of light gas. Light gas helium simulated hydrogen released from Metal-
Water reaction during a postulated core overheat. The test results show that 
the PCCS started working immediately after test initiation and was able to 
remove all the decay heat generated. The presence of light gas degraded 
initially the PCCS performance. After the helium injection stopped, and when 
the venting of helium through the PCC vent lines into the WW was completed 
the PCCS performance recovered partly and the system pressure stabilized at a 
higher level. The non-condensable gas distribution and retention in the 
containment affect the system pressure. If the light gases are retained in the 
DW instead to be vented to the WW the system pressure does not rise as much. 
In tests T1.1 some time after the end of helium injection, the system appeared 
to have established a new “equilibrium” when the PCC units were able to 
condense all the steam generated in the RPV, and in this way it was possible to 
stabilise the DW pressure. The highest system pressure was reached in the test 
T1.3 and in this test PANDA facility was configured in an asymmetric way 
(steam and helium feed to DW1 and PCC2 and PCC3 connected to DW2). In 
this test some helium was retained in DW1 (less helium compared to test T1.2). 
In test T1.3 the M-W reaction heat in case of severe accident was added. 
 
The evolution of mixing and stratification of steam and helium between the two 
DW vessels have been determined for each test by analysing the measurements 
obtained with temperature and gas concentration sensors. When the helium 
injection phase was completed a stratification between a helium-rich mixture 
and near pure steam was always observed. In the test T1.2 and in the test T1.3 
gas stratification occurred with different characteristics but in both tests some 
helium was retained in the upper region of DW1. 
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The PCC performance was varying during the different test phases. Three 
different operation modes were identified for the condensers. Operation mode 1 
refers to the situation with steam/air mixture fed to the condensers (before the 
helium injection started). Steam condensation takes place in the upper section 
of the tubes and the lower part of the tubes is blanketed by air. Operation 
mode 2 refers to the situation when steam/helium mixture is fed to the 
condensers. The vertical temperature gradient showing higher temperature at 
the top and lower temperatures are observed at the bottom. This gradient 
indicates that the (steam/helium) mixture is flowing downwards in the tube 
and is becoming more and more helium rich as condensation proceeds. 
Operation mode 3 refers to the situation in which the temperature levels in the 
upper and lower drums are maintained (in comparison with the first mode) 
while a reverse temperature gradient (the gas mixture being hotter at the 
bottom) is established in the tube. The gas in the tube is then colder than in 
the lower drum, which would indicate that the flow is re-circulating upwards 
and again became colder due to steam condensation. Buoyant forces are 
becoming higher than pressure difference driving force. 
The PCCS performance was assessed by analysing the major heat sinks (PCC 
water pool, WW pool, RPV water, Structural materials) during the test T1.2. In 
this test the RPV decay heat curve was scaled 2/3 compared to the base case 
test T1.1, because only two PCC units (PCC2 and PCC3) were used. It was 
found that the PCC units just before the helium injection were removing 
approximately the same energy and this was approximately 300 kW for each 
PCC. During the helium injection period the energy removed by the PCC units 
decreased to approximately 60-90 kW each. After helium release and venting to 
the WW terminated the major energy sinks of the system become again the 
PCC units, removing each between 200 and 240 kW (the sum corresponding 
nearly to the decay heat power generated in the RPV along the transient). 
Mainly what happened was that the system pressure stabilized (due to the stop 
of the helium venting from the DW to the WW). 
 
The effect of light gas on the heat transfer coefficients in the PCC has been 
quantified from the experimental data of the PCC3 unit in test T1.1. The heat 
transfer coefficients at selected times before, during and after light gas 
injection were evaluated. These were found to be consistent with the similar 
data in the literature on condensation in presence of non-condensable gases.  
The experimental data obtained in these three tests may be used to assess the 
capability of advanced containment code and CFD codes to analyze PCCS 
performance and containment post-LOCA behaviour in the presence of non-
condensable gases. 
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